Study of Structural, Optical and Electrical Properties of InAs/InAsSb Superlattices Using Multiple Characterization Techniques by Shen, Xiaomeng (Author) et al.
Study of Structural, Optical and Electrical Properties of InAs/InAsSb Superlattices Using 
Multiple Characterization Techniques 
by 
Xiaomeng Shen 
 
 
 
 
 
A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree  
Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 
Approved October 2015 by the 
Graduate Supervisory Committee:  
 
Yong-Hang Zhang, Co-Chair 
David J. Smith, Co-Chair 
Terry Alford 
Michael Goryll 
Martha R. McCartney 
 
 
 
 
 
 
 
 
 
 
ARIZONA STATE UNIVERSITY  
December 2015  
	   	  i	  
ABSTRACT  
   
InAs/InAsSb type-II superlattices (T2SLs) can be considered as potential 
alternatives for conventional HgCdTe photodetectors due to improved uniformity, lower 
manufacturing costs with larger substrates, and possibly better device performance. This 
dissertation presents a comprehensive study on the structural, optical and electrical 
properties of InAs/InAsSb T2SLs grown by Molecular Beam Epitaxy.  
The effects of different growth conditions on the structural quality were 
thoroughly investigated. Lattice-matched condition was successfully achieved and 
material of exceptional quality was demonstrated. 
After growth optimization had been achieved, structural defects could hardly be 
detected, so different characterization techniques, including etch-pit-density (EPD) 
measurements, cathodoluminescence (CL) imaging and X-ray topography (XRT), were 
explored, in attempting to gain better knowledge of the sparsely distributed defects. EPD 
revealed the distribution of dislocation-associated pits across the wafer. Unfortunately, 
the lack of contrast in images obtained by CL imaging and XRT indicated their inability 
to provide any quantitative information about defect density in these InAs/InAsSb T2SLs. 
The nBn photodetectors based on mid-wave infrared (MWIR) and long-wave 
infrared (LWIR) InAs/InAsSb T2SLs were fabricated. The significant difference in Ga 
composition in the barrier layer coupled with different dark current behavior, suggested 
the possibility of different types of band alignment between the barrier layers and the 
absorbers. A positive charge density of 1.8 × 1017/cm3 in the barrier of MWIR nBn 
photodetector, as determined by electron holography, confirmed the presence of a 
potential well in its valence band, thus identifying type-II alignment. In contrast, the 
	   	  ii	  
LWIR nBn photodetector was shown to have type-I alignment because no sign of 
positive charge was detected in its barrier. 
Capacitance-voltage measurements were performed to investigate the temperature 
dependence of carrier densities in a metal-oxide-semiconductor (MOS) structure based on 
MWIR InAs/InAsSb T2SLs, and a nBn structure based on LWIR InAs/InAsSb T2SLs. 
No carrier freeze-out was observed in either sample, indicating very shallow donor levels. 
The decrease in carrier density when temperature increased was attributed to the 
increased density of holes that had been thermally excited from localized states near the 
oxide/semiconductor interface in the MOS sample. No deep-level traps were revealed in 
deep-level transient spectroscopy temperature scans. 
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CHAPTER 1 
INTRODUCTION 
1.1 The development of infrared detectors 
The milestone discovery of infrared (IR) light in 1800 made by Herschel1 marks 
the start of the history of IR research. Developments in IR photodetectors since that time 
have made extraordinary progress with applications spanning from military (e.g., 
navigation, night vision, weapons detection), commercial (e.g., communications, 
aerospace, medical imaging), environmental (e.g., atmospheric sounding, pollution 
control, meteorology), and academic (e.g., astronomy) domains. 
In the development of IR techniques, many physical phenomena have been 
proposed for IR detectors, such as thermoelectric power (thermocouples), change in 
electrical conductivity (bolometers and photoconductives), gas expansion (Golay cell), 
pyroelectricity (pyroelectric detectors), photon drag, Josephson effect (Josephson 
junctions, SQUIDs), internal photoemission (PtSi Schottky barriers), fundamental 
absorption (intrinsic photodetectors), impurity absorption (extrinsic photodetectors), low-
dimensional solids [superlattice (SL), quantum well (QW) and quantum dot (QD) 
detectors], and different type of phase transitions.2  
The majority of optical detectors can be classified into two major types: thermal 
detectors and photon detectors (also called quantum detectors). The absorbed radiation 
can influence the temperature of the thermal detector, leading to a change in physical 
properties (e.g. resistance, voltage, current, capacitance, etc.) and the generation of 
electrical output as a result, while the electrical output produced in photon detectors 
results from the changed electronic energy distribution. Figure 1.1 illustrates the 
2	  
fundamental optical excitation processes in photon detectors, during which radiation is 
absorbed by free electrons, electrons bound to lattice atoms, or electrons bound to 
impurity atoms.  
 
 
Figure 1.1 Fundamental optical excitation processes in semiconductors: a) intrinsic 
absorption; b) extrinsic absorption; c) free carrier absorption.2 
 
 
The IR detector technology progressed slowly until the end of World War II. 
Starting in the 1950s, several major development efforts on lead-salt detectors,3 extrinsic 
photoconductive detectors4-6 and narrow bandgap semiconductor alloys7,8 were reported. 
Low-cost photoconductive detectors based on versatile PbS and PbSe polycrystalline thin 
films are still preferred in many applications in the 1-3 µm and 3-5 µm spectral range at 
the present time.9 Extrinsic photoconductive detectors have been demonstrated, based on 
the excitation of carriers from impurity states in Si or Ge, and were widely used at 
wavelengths beyond 10 µm prior to the development of intrinsic detectors.4,10-12  
Narrow bandgap semiconductor InSb, along with alloys such as InAs1–xSbx, Pb1–x 
SnxTe, and Hg1–xCdxTe, also attracted great research interest because of their high optical 
3	  
absorption coefficient, high electron mobility and low thermal generation rate.13 
Moreover, these alloy systems offer flexibility in band-gap engineering, which allows for 
customized IR wavelength range by adjusting alloy composition. 
Detectors with HgCdTe (MCT) alloys with variable bandgap, were discovered by 
Lawson and co-workers in 1959,8 and have successfully fought off challenges from 
extrinsic silicon and lead-tin telluride devices over the years, remaining the most widely 
used IR photodetectors even nowadays. However, many strong competitors have 
emerged in recent years. In particular, type-II superlattices (T2SLs) are considered to be 
one of the most attractive alternatives with several advantages that will be discussed in 
the following sections. 
 
1.2 The current status of infrared detector materials 
The HgCdTe ternary-alloy system, with band gaps that span from short 
wavelength (1-3 µm) to very long wavelength (14-30 µm),8 has unprecedented degree of 
freedom in infrared detector design. It represents the most popular infrared detector 
material and has inspired four generations of infrared detector devices (i.e. scanning 
systems, staring systems-electronically scanned, staring systems with large numbers of 
pixels and two-color functionality, and staring systems with very large number of pixels, 
multi-color functionality and other on-chip functions), as summarized in Figure 1.4.14  
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Figure 1.2 History of infrared detector and system development.14 
 
 
HgCdTe as a variable gap semiconductor for IR photodetectors, benefits greatly 
from high quantum efficiency, high operating temperature and potential for highest 
performance. Although there have been various competitors that have been claimed to be 
more manufacturable, including Schottky barriers on silicon, SiGe heterojunctions, 
AlGaAs multiple quantum wells, GaInSb strain layer superlattices (SLSs), high 
temperature superconductors and especially two types of thermal detectors: pyroelectric 
detectors and silicon bolometers, none except thermal detectors, provide better 
performance to operate at higher or even comparable temperatures.2 
Quantum-well infrared photodetectors (QWIP) and Quantum-dot infrared 
photodetectors (QDIP) have also drawn significant attention due to the capability of the 
QWIPs to perform in the VLWIR regime, and the high temperature performance of 
QDIPs is currently the best among existing devices. These detectors also come with 
certain disadvantages: the QWIP can only absorb light that is incident upon it when there 
is quantum confinement along one of the perpendicular axes15, and the QDIP suffers 
5	  
because of difficulties to achieve the uniform dot size that is required for high levels of 
performance.16,17 
The difficulties in growing HgCdTe material (significantly due to 
solidus−liquidus separation and the high vapor pressure of Hg), and the material 
nonuniformity (especially in the case of LWIR and VLWIR HgCdTe detectors), remain 
serious issues for large-scale manufacturing at low cost. The slow progress in 
improvements has led to a resurgence of interest in antimonide-based T2SL materials, as 
promising candidates in terms of performance, range of absorption range, and operating 
temperature, that may even overtake QWIPs and QDIPs. 
The antimonide SL material system nevertheless is still at an early stage of 
development, so that material growth, processing, substrate preparation, and device 
passivation have not yet reached maturity. Although most research efforts have been 
initially devoted to InAs/(In)GaSb SL systems, the Ga-free versions, using InAsSb layers 
in place of GaSb, have started to attract more research interest in recent years.  
 
1.3 Concept of superlattice 
The concept of a one-dimensional periodic potential or superlattice in 
monocrystalline semiconductors, obtained by alternating the modulation of either doping 
level or alloy composition, was originally proposed by Esaki and Tsu.18 With the period 
of the superlattice being shorter than the electron mean free path, electrons can tunnel 
through the periodic potential barriers allowing energy states in the wells to blur together 
despite being separated spatially in different material layers.19,20 The mechanism of the 
formation of electronic subbands allows for the effective band gap between two subbands 
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to be engineered by adjusting either the composition, or the layer thickness, of the 
superlattice.  The capability to precisely specify the layer thickness and interface profile, 
in order to control the band gap accurately, was later fulfilled by the development of the 
Molecular Beam Epitaxy (MBE) growth technique.21  
Band alignment at the interface between two adjacent SL layers plays a critical 
role in tuning the band gap, thus affecting the overall behavior of the semiconductor.  
Semiconductor interfaces can be classified into three types of heterojunction: straddling 
gap (type I), staggered gap (type II) or broken gap (type III), as illustrated in Figure 1.2.22 
Type II alignments can be used to tailor the band gap of the superlattice to be even 
smaller than that of each constituent material, making the Type-II superlattice a 
promising candidate for Long Wavelength Infrared (LWIR) or Very Long Wavelength 
Infrared (VLWIR) photodetectors. The T2SLs offer several advantages over bulk 
HgCdTe (MCT) alloys including: i) low tunneling current, which is the limiting factor for 
the device performance of MCT LWIR photodiodes, can be greatly suppressed as a result 
of the comparatively large effective masses in the SL structure;23 ii) a much lower Auger 
recombination rate can be achieved due to substantial energy separation between the 
heavy-hole and light-hole bands, which thereby enhances carrier lifetimes;24,25 iii) better 
control of SL layer thicknesses compared to composition in bulk MCT alloys enables 
improved uniformity of material band gap over a large area,26 which is important for 
focal-plane arrays. 
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Figure 1.3 The three types of semiconductor heterojunctions organized by band 
alignment.22 
 
 
1.4 Evolution of SL material systems for infrared detection applications 
The HgTe/CdTe SL was proposed as an alternative for the established bulk MCT 
for infrared detectors, with a tunable band gap ranging from 0 to 1.6 eV.27 Compared to 
conventional bulk HgCdTe detectors, the HgTe/CdTe SL was theoretically predicted to 
have several advantages as an infrared detector material, such as less fractional precision 
required for given wavelength tolerance, and shorter tunneling length and reduced p-side 
diffusion current as a result of large electron effective mass.28 However, due to 
difficulties associated with epitaxial growth of group II-VI HgTe/CdTe superlattices,29-31 
much effort has instead been given to the development of SL systems consisting of group 
III-V compound semiconductors (e.g. InAs/GaSb/InSb, etc.) during the past several 
decades. 
The InAs/Ga(In)Sb type-II superlattices have attracted great interest as 
alternatives for HgCdTe alloys in infrared (IR) detector applications due to their broad 
tunability, large absorption coefficient32,33 and greatly reduced Auger recombination.24 
The unique broken-gap alignment in InAs/GaSb SLs, wherein the conduction-band edge 
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of InAs is lower than the valence-band edge of GaSb, allows for the realization of a much 
narrower band gap than either that of InAs or GaSb separately. The first InAs/GaSb SLs 
were achieved by MBE growth in 1978, giving the predicted Shubnikov-de Hass 
oscillation,34 followed by studies of the optical and structural properties.35,36 However, 
the unique broken-band alignment between InAs and GaSb with electrons and holes 
likely localized in different layers, makes its optical matrix element decrease rapidly with 
increasing layer thickness.37 Comparatively thick layers are still required for SLs 
consisting of InAs and GaSb layers of equal thickness to reach long-wavelength (> 10 
µm) effective band gap, which leads to a small optical matrix element and consequently 
poor optical absorption coefficient.38 Mailhiot and Smith proposed the idea of strained 
InAs/GaInSb superlattices as candidates for far-infrared applications with the capability 
to reach very small band gap (λc > 10 µm) with sufficiently thin layers (< 2.5 nm) while 
maintaining absorption coefficients comparable to that of MCT detectors.39,40 Successful 
growth of InAs/GaInSb was demonstrated on relaxed GaSb buffer layers on GaAs 
substrates,41 and p-n photodiodes of the same material system was fabricated with 
photovoltaic response threshold near 12 µm.42 InAs/Ga(In)Sb superlattice systems have 
been extensively studied since then, with the device studies mainly focused on the LWIR 
and VLWIR regimes.43 The best performance of LWIR SLs was reported by Razeghi et 
al.44 with specific detectivity D* of 1×10!!  𝑐𝑚√𝐻𝑧/𝑊 and responsivity of 1.2 A/W, 
while the best VLWIR device was reported with specific detectivity D* of 4.5×10!"  𝑐𝑚√𝐻𝑧/𝑊 and responsivity of 4 A/W.45  
The theoretically predicted superior device performance of Ga-containing 
InAs/Ga(In)Sb T2SL detectors compared to MCT detectors has not yet been realized 
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because of their short minority carrier lifetimes (75 – 100 ns for MWIR and 15 – 30 ns 
for LWIR detectors46-48). These lifetimes are mostly dominated by Shockley–Read–Hall 
(SRH) recombination,49 implying that materials with the lowest possible defect density 
and the highest possible crystalline quality have yet to be achieved. For example, the 
electronic properties of the InAs/GaInSb interface have been identified as an important 
factor responsible for ensuring high performance IR detectors,23 and asymmetric 
compositional grading of the InAs/GaInSb interface, which is consistent with Sb 
segregation during MBE growth of these T2SLs, has also been reported.50,51  
Dark-current density demonstrated by the InAs/Ga(In)Sb T2SL detectors is still 
significantly higher than that of bulk MCT detectors, and can be attributed to thermally-
generated diffusion current as well as the generation-recombination current associated 
with the SRH process in the space-charge region.52,53 Based on the theory proposed by 
Hall, and separately by Shockley and Read, maximum SRH recombination rates will be 
observed as the energy level of the SRH recombination center approaches mid-gap.54 
Hence, GaSb-related mid-gap traps might be the cause of reduced lifetime by providing 
effective SRH recombination centers, while InAs-related traps are more likely to be 
located above the conduction-band edge.   
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Figure 1.4 Survey of published dark current density data in T2SL detectors, with HgCdTe 
Rule 07 for comparison.56 
 
Rule 07, a simple empirical relationship, was introduced at the US Workshop on 
the Physics and Chemistry of II–VI Materials in 2007, and is used to estimate state-of-
the-art HgCdTe dark current performance as a function of temperature and cutoff 
wavelength.55 Published dark current densities of T2SL by various institutions compared 
with the HgCdTe rule 07, were summarized by Rhiger and are shown in Figure 1.4.56 
 
1.5 Proposal of Ga-free type-II superlattices 
Ga-free type-II superlattices use InAsSb in place of GaSb in the InAs/GaSb SLS, 
allowing for longer wavelength absorption. An InAsSb SLS on InSb substrate was 
theoretically proposed for 8-12 µm infrared detector applications, and was supported by 
calculations showing that the uniform strain in InAs0.39Sb0.61/InAs1-xSbx SLS could be 
used to lower the band gap and extend wavelength response even beyond 12 µm at 77 
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K.57 With advantages of III-V device processing, InAsSb/InSb photodiodes with a 
detectivity (1×10!"  𝑐𝑚√𝐻𝑧/𝑊) comparable to MCT detectors at wavelengths less than 
10 µm have been experimentally demonstrated operating at Liquid Nitrogen (LN2) 
temperature (77 K).58,59 Since Walukiewicz pointed out that the defect levels in InAs 
likely reside above the conduction band, rather than within the band gap,60 several studies 
on Ga-free superlattices grown on highly lattice-mismatched substrates, such as InSb,61 
InAs62 and GaAs,63-65 have been reported. A very recent result obtained by pressure-
dependent photoluminescence measurements also shows that the defect levels in 
InAs/InAsSb T2SL are approximately 180 meV above the conduction band edge of 
InAs.66 
In theory, both InAs/InAsSb and InAs/GaInSb superlattice systems are expected 
to have promising device performance that is comparable to HgCdTe IR detectors, and 
the limiting factor would be associated with growth-related difference.67 Possible 
ineffectiveness of the Shockley-Read-Hall mechanisms, has focused research interest on 
InAs/InAsSb superlattices,68 and efforts to minimize defect density by growing under 
lattice-matched conditions. 
Ga-free InAs/InAsSb T2SL photodiodes grown on GaSb substrate are anticipated 
to improve device performance with fewer non-radiative recombination centers, along 
with better crystal quality given their simpler interface configuration and less 
complicated growth process. With dramatic improvements on composition (group V) 
control and crystalline quality achieved by solid-source modulated molecular beam 
epitaxy (MMBE),69-71 the InAs/InAs0.76Sb0.24 superlattice was experimentally first 
demonstrated on GaSb substrates in 1985.72 
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While several growths of T2SL by organometallic vapor phase epitaxy 
(OMVPE)73,74 and metalorganic chemical vapor deposition (MOCVD)75,76 have been 
reported, MBE is generally favored as a growth technique because of its precise growth 
control and its ability to achieve monolayer interfaces. Experimental studies of MBE 
growth conditions have been carried out, and very low defect density in InAs/InAsSb 
superlattice grown under lattice-matched conditions has been confirmed.77-79 Time-
resolved photoluminescence measurements at 77K reveal a significantly longer minority 
carrier lifetimes of 412 ns for long-wavelength infrared InAs/InAs0.72Sb0.28,80 and 9 µs for 
mid-wavelength infrared InAs/InAs0.66Sb0.33 superlattices.81 More recently, the lifetime 
has been increased even to as long as 10 µs for mid-wave infrared InAs/InAs0.51Sb0.49 SL 
with higher Sb concentration and shorter SL periods.82,83 
Poor carrier transport properties in InAs/InAsSb systems have also been 
demonstrated, indicating that the long carrier lifetime is partly due to carrier localization. 
Very recent electron-beam-induced current (EBIC) measurements give a minority carrier 
(hole) diffusion length of 750 nm and a vertical diffusivity of 3×10!!𝑐𝑚!/𝑠 in mid-
wave nBn structure.84 While InAs/InAsSb-based nBn structures can effectively reduce 
dark current,85 the signal-to-noise ratio of InAs/InAsSb SL-based detectors with either p-
i-n or nBn architectures is still low compared to that of other T2SL-based devices 
operating within the same wavelength range.86,87 This may be attributed to the increased 
tunneling probability caused by smaller band offsets in the InAs/InAsSb SL system, 
along with the considerable number of SRH recombination centers that remain in the 
material.88 Therefore, the impact of growth conditions on the T2SL material quality 
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remains a critical issue, and detailed investigation of the structural properties is essential 
for further improvement of the materials as well as device performance.  
 
1.6 Outline of dissertation 
This dissertation research focuses on understanding the structural, optical and 
electrical properties of Ga-free InAs/InAsSb superlattices as an attractive alternative 
material system to the well-established HgCdTe for infrared photodetectors. Various 
characterization techniques has been applied to assist in optimizing the growth condition, 
in particular to extract information about defects from the defective materials grown 
during the early stages of the project, to later materials with extremely low defect density, 
and to better understand the device performance of infrared detectors based on Ga-free 
superlattices. 
After the introduction in Chapter 1, Chapter 2 discusses the influence of 
difference growth parameters on the structural properties of InAs/InAsSb superlattices 
grown by MBE on GaSb substrates, using high-resolution X-ray diffraction and 
transmission electron microscopy. The growth processes in terms of III-V flux ratio and 
growth temperature were optimized and, as a result, defect density has been substantially 
reduced. 
Chapter 3 describes efforts devoted to characterizing this low defect material 
system using multiple techniques, including X-ray topography, Cathodoluminescence 
imaging and etch-pit density measurements. The limitations of these techniques will also 
be discussed. 
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After InAs/InAsSb based nBn photodetectors have been successfully achieved, 
more detailed investigation is still required in order to correctly interpret the device 
behavior and to correlate with fundamental material properties. Thus, Chapter 4 
introduces electron holography, which was used to shed light on the band alignments 
between barrier layer and absorber layer in nBn photodetector structures grown with 
different structure designs. The distinctively different dark current observed has been 
identified as originating from the different types of band alignment present in two 
structure designs, which is also supported by the results of capacitance-voltage 
measurements. 
Chapter 5 explores the temperature dependence of carrier densities in MWIR and 
LWIR InAs/InAsSb T2SLs. Capacitance-voltage (C-V) measurements were carried out 
on InAs/InAsSb-based MOS structures at temperatures from 10 K to 100 K. C-V 
measurements and the results of temperature-dependent photoluminescence indicate 
thermally-enhanced carrier redistribution that enables the carriers initially bound at 
localized states near the oxide/semiconductor interface to be thermally excited into 
extended states. 
Finally, Chapter 6 provides an overview of the results of this dissertation research 
as well as suggestions for possible future research directions. 
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CHAPTER 2 
STRUCTURAL CHARACTERIZATION OF InAs/InAsSb TYPE II SUPERLATTICES 
GROWN BY MOLECULAR BEAM EPITAXY UNDER VARIOUS GROWTH 
CONDITIONS 
InAs/Ga(In)Sb type-II superlattices (T2SLs) have been studied for decades as 
promising candidates for infrared (IR) detector applications, but the optical performance 
of Ga-containing T2SLs has remained limited by much shorter minority carrier lifetimes 
compared to the lifetimes of conventional MCT detectors1,2. By replacing Ga(In)Sb 
layers with In(As)Sb layers, Ga-free T2SLs were anticipated to have improved carrier 
lifetimes with fewer non-radiative recombination centers, along with better crystal quality 
given their simpler interface configuration and less complicated growth process.3 Despite 
the precise thickness control and abrupt interface profile facilitated by the development of 
molecular beam expitaxy (MBE), growth parameters, in particular V/III flux ratios and 
growth temperatures, still need to be carefully optimized to achieve the strain-balanced 
condition needed for the lowest possible defect density in Ga-free T2SLs. 
This chapter describes the characterization of InAs/InAs1-xSbx T2SL samples, 
which were grown using MBE at different substrate temperatures and with different III/V 
flux ratios. My role in this large collaborative enterprise has been sample characterization 
while other fellow co-workers were responsible for sample growth. Characterization 
results obtained using high-resolution X-ray diffraction (HRXRD) and transmission 
electron microscopy (TEM) have provided insights into structural properties, suggesting 
possible ways to optimize the growth conditions. Excellent quality growth in this material 
system was finally demonstrated, as also described elsewhere.4  
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2.1 Growth technique: Molecular beam epitaxy 
The growth of semiconductor thin films from vapor has been possible for many 
years.5,6 However, prior to the 1970s, these films were not structurally equivalent to bulk 
material and were thus of little use in device applications. The very different vapor 
pressures of the constituents, which is as much as two orders of magnitude for Ga and As 
at temperatures useful for film growth, require extremely precise temperature control to 
produce equal vapor pressures from the As and Ga sources.7 Thus, achieving equal 
arrival rates of the constituent atoms at the substrate is almost impossible. Therefore, 
difficulties in producing stoichiometric films of high crystal quality can be anticipated.  
It was not easy to acquire knowledge on the condition of the substrate, the 
composition of the vacuum, and the crystallinity of films grown in those early days 
(1950s–1960s). Post-growth characterization to determine whether or not the films were 
crystalline was often conducted days after the growth was finished. The landmark results 
published by Cho in 1969 showed the first in situ observations of the MBE growth 
process using high-energy electron diffraction.8 With the simultaneous achievement of 
characterization of the epitaxial layers and improved vacuum conditions, advances in 
MBE growth progressed rapidly and high-quality growth could be achieved routinely. 
MBE is a growth technique performed in an ultrahigh-vacuum (UHV) 
environment by evaporating the film constituent elements and the doping elements (if 
required for the targeted structure). The heated substrate is normally processed to have an 
atomically clean surface. The substantially improved control over the incident atomic or 
molecular fluxes facilitated by MBE allows rapid changing of beam species to grow 
layers as thin as a few Ångstroms, which opens up the possibility to produce superlattice 
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structures consisting of many alternating thin layers, simply by using shutter modulation. 
Moreover, the doping profile normal to the surface can be varied and controlled by 
adding electrically active impurities from a separate source, with a spatial resolution that 
is difficult to achieve by conventional growth techniques.  
The experimental set-up for the ASU MBE optoelectronics group is based on a 
VG V80H dual-chamber MBE system, which was used for all the material growth that is 
described in this dissertation. The system configuration is indicated below in Figure 2.1.  
      
 
 
Figure 2.1 Schematic illustrating the layout of the dual-chamber MBE system used in this 
research. 
 
2.2 Characterization techniques 
Several characterization methods to obtain a more comprehensive understanding 
of the material systems of interest will be explored later in this dissertation: this chapter 
focuses on the two techniques that were most widely applied, namely high-resolution X-
ray diffraction (HRXRD) and transmission electron microscopy (TEM). 
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2.2.1 High-resolution X-ray diffraction 
HRXRD is one of the most commonly used techniques for characterizing thin 
films because of its ease of operation, no requirement of sample preparation and the 
accurate insights that can be gained into the crystal structure. Crystals are based on 
regular arrays of atoms with characteristic interplanar lattice spacings, which give rise to 
X-ray diffraction pattern peaks at specific angles, allowing information about lattice 
parameters to be extracted. Strain as well as alloy composition can be derived. Bragg’s 
law is the basis of X-ray diffraction and can be expressed as follows: 
                                            2𝑑 sin𝜃 = 𝑛𝜆                                                         (2.1) 
where n is an integer determined by the diffraction order, λ is the wavelength, and θ is the 
incident angle relative to the lattice plane of interest. Reflection from each atomic plane 
through the crystal is assumed to be negligible, leading to minimal weakening of the 
incident amplitude. These waves add constructively in directions where the difference in 
distance traveled is an integer number of times the wavelength. The X-ray wavelength λ 
is typically on the same order of magnitude as the spacing d between planes in the 
crystal, so that XRD allows the lattice structure of the material to be determined on the 
atomic scale. In this work, HRXRD measurements of the samples were performed on a 
PANalytical X’Pert PRO Diffractometer having an instrumental resolution limit of ~12 
arcsec, using Cu Kα1 radiation with a wavelength of 1.54 Å. 
 
2.2.2 Transmission electron microscopy 
Compared with XRD, TEM requires more painstaking and time-consuming 
sample preparation as well as more complicated operating procedures. The TEM 
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technique relies on the same diffraction principle as XRD but with much shorter 
wavelengths provided by the high-energy electron source. The resulting Ewald sphere is 
much larger than the corresponding one for X-rays, since the sphere radius is the 
reciprocal of the wavelength, and many diffraction orders are visible in a single 
diffraction pattern. The diffraction patterns obtained in TEM can be combined to 
determine the crystal structure as well as the incident beam direction. A major difference 
between electrons and X-rays is that electrons are charged particles, which are scattered 
both by the electron cloud and the atomic nucleus, whereas X-rays are only scattered by 
the electron cloud, resulting in relatively much weaker scattering in the latter case.  
In addition to the diffraction mode, the scattered beams can also give rise to TEM 
images with contrast that is based on changes in the amplitude or phase of the electron 
wave, corresponding to amplitude or phase contrast, respectively. Even though 
wavelength-limited resolution has not yet been achieved due to inevitable imperfections 
in the magnetic lenses used in electron microscopes, the TEM is capable of imaging at 
significantly higher resolution than other techniques (down to sub-Ångstrom level), and 
can be used to examine fine structural detail due to the very small de Broglie electron 
wavelength (~3.7 pm and ~1.6 pm with accelerating voltages of 100 kV and 400 kV, 
respectively). 
 
2.3 Experimental details  
The samples studied in this dissertation consisted of InAs/InAs1-xSbx T2SLs 
sandwiched by two 10-nm-thick AlSb barrier layers, with 500-nm-thick GaSb buffer 
layers and 10-nm-thick GaSb capping layers, which were grown on 2-inch epi-ready n-
26	  
type GaSb (100) substrates in the III-V chamber of the VG V80H dual-chamber MBE 
system. The SL periods for all samples were designed to be fixed at ~10.6 nm with a 
target Sb composition of 39 %, and were intended to achieve the strain-balanced 
condition according to the average-lattice method.9,10  
Before SL growth was initiated, the growth rates for the group-III sources were 
usually calibrated by monitoring ion current. The V/III flux ratios were then calibrated 
against the group-III fluxes by determining the minimum amount of group-V flux 
required for maintaining a smooth group-V-terminated growth surface for a given group-
III growth rate at a given growth temperature. This calibration point was defined as the 
one-to-one V to III flux ratio (V/III=1) and the valve calibration curve was scaled 
proportionally to ion current to provide an effective group-V flux curve as a function of 
valve position.  
A schematic of the typical sample structure is shown in Figure 2.2. The GaSb 
buffer layers were usually grown at a substrate temperature of 510 °C, and the substrates 
were then cooled down for the SL growth. During the growth of the final InAs layer in 
the SL, and for the top AlSb barrier layer, the wafer temperature was gradually raised to 
510 °C and then kept constant during growth of the final GaSb capping layer.  
The V/III flux ratios were varied from Sb/III=1.0, As/III=2.5 to Sb/III=2.4, 
As/III=1.2 for the samples in the V/III flux ratio study.11 All samples for the study of 
growth temperature dependence were grown under identical reactor conditions, except 
that the SL growth temperature was set at specific values in the range of 450 °C to 400 
°C, while the V/III flux ratio was kept fixed at Sb/III=1.0, As/III=1.2.12  
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10 nm, GaSb capping layer 
10 nm, AlSb barrier 
~1 µm 
InAs/InAsSb superlattices 
10 nm, AlSb barrier 
GaSb buffer + substrate 
 
Figure 2.2 Schematic showing the InAs/InAsSb T2SL sample structure used for growth 
condition optimization, including growth temperature and III/V flux ratio. 
 
HRXRD patterns on (004) and (113) diffraction planes were obtained using the 
PANalytical X’Pert PRO Diffractometer to extract information on the normal and in-
plane average SL lattice parameters. The Sb composition for each sample was estimated 
by comparing experimental profiles with simulation results generated by the X’pert 
epitaxy software. 
Samples suitable for cross-section TEM observation were prepared using standard 
mechanical thinning techniques followed by ion-milling at liquid-nitrogen temperature to 
minimize ion-milling artifacts. Diffraction contrast and high-resolution images were 
recorded using a JEM-4000EX high-resolution electron microscope operated at 400 keV 
with a structural resolution of ~1.7 Å. Most samples were observed in the {110}-type 
projection, so that the substrate surface normal was perpendicular to the direction of the 
electron beam. 
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2.4 Effect of growth temperature and Sb/III flux ratio 
Table 2.1 summarizes the full-width-at-half-maximum (FWHM) and the lattice 
mismatch for the set of T2SL samples grown with different V/III ratios at the fixed 
substrate temperature of 450 °C. As the Sb/III ratio was increased and the As/III ratio 
was decreased, the Sb composition x obtained from the high-resolution XRD simulations 
increased until the Sb/In flux ratio became larger than ~2, as shown in Table 2.1. Thus, 
the Sb sticking coefficient had to be considerably less than that of As at this growth 
temperature. The closer to the target Sb composition that was needed to fulfill the strain-
balanced requirement, then the lower was the defect density, as indicated by the 
decreasing FWHM values.  
 
 
Table 2.1 Structural parameters for InAs/InAs1-xSbx T2SLs grown with different V/III 
ratios, and the lattice mismatch calculated from the corresponding HRXRD patterns. 
 
 Sb/III As/III 
InAsSb 
thickness 
±0.1 (nm) 
InAs 
thickness 
±0.1  (nm) 
x 
±0.01 
FWHM 
(arc sec) mismatch 
A (B1877) 1 2.5 2.4 7.9 0.093 1.5×102 0.47% 
B (B1761) 1 1.6 2.4 8.1 0.14 97 0.40% 
C (B1762) 1 1.2 2.5 8.0 0.26 38 0.22% 
D (B1766) 2 1.2 2.4 8.3 0.34 25 0.087% 
E (B1768) 2.4 1.2 2.4 8.0 0.33 29 0.093% 
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Figure 2.3 High-resolution X-ray diffraction patterns (blue) and simulations (offset below 
each experimental profile in red) for the (004) reflection of InAs/InAs1-xSbx superlattices 
grown with Sb/III=2, As/III=1.2 at 450 °C. a) simulation assuming abrupt interface; b) 
simulation assuming concave composition gradient over 2-nm-thick InAsSb upper 
interface. 
 
 
GaSb substrate 
 SL 0th diffraction 
a) 
b) 
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The growth rate of sample D at a growth temperature of 450 °C was determined 
to be 0.3 nm/s based on the total layer thickness derived from the XRD results, and the 
shutter open time for the growth of each layer. Sharp satellite peaks for the (004) 
reflection indicated the overall high structural quality. More careful simulations for the 
(004) reflection were done on sample D to obtain information about the interface. Making 
an assumption of abrupt interfaces, then Figure 2.3a shows that a reasonable match 
between the simulation and the experimental profile in the InAs1-xSbx layer can be 
obtained with an Sb composition of 0.34, except for the intensity of the higher-order 
satellite peaks on the high-angle side of the SL zeroth-order peak. Such a small 
discrepancy is attributed to a smeared interface due to the incorporation of group-V 
elements caused by segregation on the growth front and/or from the background. In order 
to better match the intensity as well as the position of the SL diffraction peaks, another 
XRD simulation was made using a decaying Sb composition profile at the InAs-on-
InAsSb interface with a width of 2 nm, as shown in Fig 2.3b. The closer agreement 
between the simulation and experimental results confirms the graded Sb composition 
across the interface. 
As shown in Table 2.1, the T2SL in Sample A had the largest lattice mismatch of 
0.47%, and its zeroth SL peak with a FWHM of 1.5×102 arcsec in the (004) ω-2θ scan 
was also the broadest compared with the other samples. Since the Sb composition in the 
InAsSb layer was only 0.093 according to the XRD simulation results, the magnitude of 
the Burgers’ vector of the SL defects was assumed to be the same as that of InAs, and can 
be expressed as 𝑏 = !! = 2.48  Å. Thus, the density of the SL dislocations can be 
estimated using the following equation attributed to Ayers13: 
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                                          𝐷 = 𝐾!!/4.36𝑏!,                                                    (2.2)                                           
where Kα expresses the angular broadening, and b represents the Burgers’ vector. Kα can 
be determined by the intersection given by linear fitting on the plot of βadj2 vs. tan2θ, 
where βadj is the rocking curve width adjusted to account for the intrinsic rocking curve 
widths, and θ is the corresponding Bragg angle. Thus, the dislocation density of sample A 
was calculated to be 1.77×109/cm2, which was of the same magnitude as the result 
obtained from the plan-view TEM imaging study that is described in the following 
paragraph. 
TEM plan-view (Figure 2.4a) and cross-sectional (Figure 2.4b) images of sample 
A revealed a large population of threading dislocations propagating upwards from the 
buffer layer into the SL region. A defective barrier layer and several {111}-type stacking 
faults are also visible in the latter image. From analysis of the plan-view images, the 
defect density is estimated to be on the order of 3.2×109/cm2. This higher defect density 
compared with the number above could be due to the quite limited area that can be 
examined using TEM compared with the much larger volume that is samples by XRD.  
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Figure 2.4 a) Plan-view; and b) Cross-sectional electron micrographs of InAs/InAs1-xSbx 
SLs grown with Sb/In=1, As/In=2.5. 
 
 
 
a) 
b) 
300	  nm	  
100	  nm	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In contrast, sample D showed nearly perfect crystallinity, with no visible defects 
within the TEM imaging range, as shown in Figure 2.5, which is consistent with the 
observation of greatly reduced FWHM determined by XRD. A well-defined bottom AlSb 
barrier layer was clearly visible in this sample, and the individual layers had much better 
crystal quality compared to those in sample A, which was grown under larger strain. The 
layer thicknesses of the InAs and InAs1-xSbx layers of sample D were measured to be 8.52 
nm and 2.24 nm, respectively, which were close to the design values.  
 
 
 
Figure 2.5 Cross-sectional electron micrographs of InAs/InAs1-xSbx SLs grown with 
Sb/In=2, As/In=1.2. 
 
 
 
 
 
 
 
100	  nm	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The improvement in structural quality of the samples can be attributed to the 
decrease in lattice mismatch and thus less interfacial strain. The equilibrium model 
proposed by Matthews and Blakeslee14 predicts the critical thickness for an SL to be 
given by: 
                                   ℎ! = !! !!!! !" !!!!! !!!! ! !!! ,                                                  (2.3) 
where f is the layer strain when on the substrate, and υ is Poisson's ratio. Thus, larger 
lattice-parameter mismatch results in larger strain, and makes the critical thickness 
smaller. Calculations for sample A indicate a critical thickness of 131 nm for 
InAs/InAs0.907Sb0.093, which is much thinner than the thickness of 942 nm for the 
structure actually grown. Thus, pseudomorphic growth can hardly be expected or 
achieved under such conditions, and a high density of misfit dislocations due to the relief 
of stress can be anticipated.15  
Figure 2.6 shows the high-resolution XRD (004) scans for all of the temperature-
variant samples, and corresponding simulations using the graded interface assumption. 
Sharp, equally-spaced satellite peaks due to the periodicity of the SL layers are clearly 
observed, while measurement of the slight differences of satellite peak spacings indicates 
that the SL period varies from 10.3 nm to 11.0 nm for different samples. The different 
zeroth-order SL peak positions among this set of samples for both (004) and (113) ω-2θ 
scans indicate that the Sb composition x increased when the growth temperature was 
decreased. This trend is attributed to the preferential incorporation of Sb into InAsSb at 
lower temperatures in the selected temperature range.  
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Figure 2.6 High-resolution X-ray (004) diffraction patterns (blue) and simulations (offset 
below each experimental profile in red) of InAs/InAs1-xSbx superlattices grown at 
different temperatures, as indicated. 
 
The critical thickness values calculated using the Matthews and Blakeslee 
equation, together with the data obtained from the XRD simulations, and the 
corresponding growth conditions, are listed in Table 2.2. The SL period was repeated 91 
times for each sample, so that the total SL thickness should change from 937 nm to 1000 
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nm as a result of the slight variations in growth. The FWHM of the zeroth-order SL peak, 
which is taken as an indicator of overall lattice quality, decreased when the growth 
temperature was decreased from 450 °C to 420 °C, and remained constant when the 
temperature was further decreased to 400 °C. This last result is attributed to the 
thicknesses of the latter two samples being close to, or even below, the critical thickness. 
 
Table 2.2 Structural parameters of the InAs/InAs1-xSbx T2SL samples grown with 
Sb/III=1, As/III=1.2 at different temperatures, and the corresponding critical thickness 
under tensile strain calculated using the method proposed by Matthews and Blakeslee.12 
Period and individual layer thickness were calculated based on XRD results. The total 
thickness of the T2SL is about 1 µm for all samples. 
 
Growth 
temperature 
(°C) 
FWHM 
(arc sec) 
x 
±0.01 
InAsSb 
thickness 
±0.1 (nm) 
InAs 
thickness 
±0.1 (nm) 
Period 
±0.1 
(nm) 
Strain 
(%) 
hc ×102 
(nm) 
450 
(B1762) 38 0.26 2.4 8.1 10.5 0.20 3.26 
440 
(B1764) 36 0.27 2.4 7.9 10.3 0.19 3.75 
420 
(B1769) 29 0.34 2.6 8.3 10.9 0.065 8.90 
400 
(B1772) 29 0.39 2.6 8.4 11.0 0.00090 40.3 
 
 
Photoluminescence (PL) spectra were obtained from these four samples using a 
Fourier-transform infrared spectrometer at 12K, as shown in Figure 2.7. The PL peaks 
shift as a result of different Sb incorporation at different growth temperature. Such 
composition changes would alter the mini-band position and ultimately determine the 
effective band gap. As more Sb is incorporated, smaller band gaps will be obtained. 
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Figure 2.7 PL spectra of samples grown at different temperatures: B1762 (450 °C); 
B1764 (440 °C); B1769 (420 °C); B1772 (400 °C). 
 
Figure 2.8 shows cross-sectional TEM images of samples with much better 
lattice-matched conditions, grown at 400 °C and 450 °C.  These images reveal the 
alternating InAs and InAs1-xSbx layers with well-defined interfaces. Excellent 
crystallinity quality with almost no visible defects is apparent over large fields of view 
covering many microns, for all of these samples, regardless of the growth temperature. 
Figure 2.8 also shows that the top AlSb barrier layer and the GaSb capping layer grown 
on the InAs/InAs1-xSbx SL stack are of excellent structural quality. The periods of the SL 
stacks, which were grown at 400 °C and 450 °C, were measured to be 9.74 nm and 9.52 
nm, respectively, in reasonable agreement with the XRD calculations described earlier.  
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Figure 2.8 Cross-sectional electron micrographs of InAs/InAs1-xSbx SLs grown at: a) 400 
°C; and b) 450 °C. 
 
 
Comparison between both sets of samples can provide some interesting insights 
into the effect of growth conditions on the density of material defects. Sample D (B1766) 
which was grown at 450 °C, and B1769 which was grown at 420 °C, have the same Sb 
a) 
b) 
100 nm 
100 nm 
39	  
composition, meaning the same lattice mismatch. However, B1766 shows slightly 
narrower XRD peak than B1769. After the growth temperature was further decreased to 
400 °C to grow sample B1772, the XRD FWHM was not improved even with almost 
zero lattice mismatch. Therefore, it appears that the better material quality achieved by 
decreasing growth temperature was mainly due to the smaller lattice mismatch between 
the substrate and the SL, as a result of the decreased temperature. In fact, even smaller 
XRD FWHM might be expected for the lattice-matched condition at 450 °C. 
 
2.5 Characterization results for different InAs/InAsSb structures 
After reaching an understanding of the impact of V/III ratios and growth 
temperatures on the structural properties of InAs/InAsSb T2SLs, in particular their 
relation with Sb incorporation in InAsSb alloy, many more structures were designed and 
successfully demonstrated. Regardless of the variation in sample structures, both XRD 
and TEM revealed high quality growth with very sharp X-ray diffraction peaks and 
absence of visible defects in TEM images, indicating that growth optimization was 
reproducible in different growth campaigns.  
Double heterostructures consisting of 1-µm-thick InAsSb sandwiched by two 
AlSb layers with different numbers of inserted AlSb layers, were grown on GaSb 
substrates using MBE to study the impact of the InAsSb/AlSb interfaces on the optical 
properties. Cross-sectional TEM images shown in Figure 2.9 revealed a minimal density 
of observable defects and very smooth interfaces between the AlSb and InAsSb layers, 
which was also confirmed by observations of Pendellösung fringes in the XRD patterns 
shown in Figure 2.10.  
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Figure 2.9 Cross-sectional TEM of 1-µm-thick InAs1-xSbx with: a) no AlSb layers; b) five 
AlSb layers; c) ten AlSb layers. Scale bar = 100nm; d) Higher magnification image 
showing high quality interfaces. 
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Figure 2.10 XRD pattern for the (004) reflection of 1-µm-thick InAsSb bulk sandwiched 
by two 10-nm AlSb layers, showing Pendellösung fringes. Sb mole fraction of 9% has 
been calculated from simulated GaSb substrate and InAs1-xSbx peaks. 
 
 
InAs/InAsSb T2SLs with fixed Sb composition and periods of 12 nm (B1774), 20 
nm (B1775) and 24 nm (B1778) were grown to achieve different band gaps. The spacing 
between the XRD satellite peaks shown in Figure 2.11 decreased as the period was 
increased. Very sharp satellite peaks and the observation of high-order diffraction peaks 
indicated superior material quality with lattice mismatch of only 0.05%, 0.07%, 0.04% 
for samples B1774, B1775 and B1778, respectively.  
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Figure 2.11 XRD patterns for the (004) reflection of a) B1774; b) B1775; and c) B1778. 
a) 
c) 
b) 
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The periods of each sample were directly measured from cross-sectional TEM 
images, as shown in Figure 2.12. The measured period agreed well with the designed 
values, indicating that excellent thickness control had been achieved. 
 
 
Figure 2.12 Electron micrographs showing cross-sections of InAs/InAsSb superlattices 
with x~0.36 and SL periods of: a) 12 nm; b) 20 nm; and c) 24 nm. 
 
2.6 Conclusions 
The impact of different MBE growth conditions on the microstructure of 
InAs/InAsSb type-II superlattices was comprehensively investigated using HRXRD and 
TEM. The target Sb composition of 39% needed in order to reach the strain-balanced 
condition, was achieved at the growth temperature of 400 °C with Sb/III=1 and 
As/III=1.2. A gradient in the Sb composition across the interfaces was confirmed using 
XRD simulations. Lower growth temperature and higher Sb/As flux ratio enabled more 
Sb to be incorporated into the InAsSb layer. Growth parameters can thus be adjusted to 
a)	   b)	   c)	  
24	  nm	   40	  nm	   48	  nm	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enable the SL to reach the strain-balanced condition in order to achieve 
crystallographically perfect material with very low defect density. This calibration 
method has since been successfully used in several different growth experiments. 
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CHAPTER 3 
QUANTITATIVE DEFECT CHARACTERIZATION USING MULTIPLE 
TECHNIQUES AND THEIR LIMITATIONS 
Low dislocation density is an essential requirement for infrared detectors, which 
need long minority carrier lifetimes. However, as mentioned in the previous chapter, 
whereas XRD and TEM are convenient for characterizing highly defective materials, 
their usefulness for quantifying defect density for materials with low defect densities is 
very limited. Since most broadening factors for XRD patterns are at approximately the 
same level, and they cannot simply be ignored, obtaining accurate information on 
broadening effects other than those caused by defects, is much more critical for defect 
density calculation than is the case for more defective materials. On the other hand, given 
the limited field of view obtained under the higher magnification field of view provided 
by TEM, and the restricted area of electron-transparent material that is achieved by usual 
sample preparation methods, TEM is really only suited for characterizing highly 
defective material having a defect density of at least 107/cm2. As pointed out in chapter 2, 
virtually no defects were observed in the InAs/InAsSb T2SL materials once optimization 
of the growth condition had been achieved (Figure 2.5 and Figure 2.8). Therefore, this 
chapter explores other characterization techniques with the eventual goal of gaining a 
better understanding of the scarcely distributed defects present in MBE-grown 
InAs/InAsSb superlattice samples. 
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3.1 Limitations of HRXRD 
The HRXRD technique is prominent in a great deal of reported materials research 
since it is a commonly used tool for structural characterization. However, this technique 
has its own specific limitations when used for studying materials with very low defect 
densities, which can be a major problem when trying to extract more information about 
structural defects in the MBE-grown InAs/InAsSb superlattice systems. 
The full-width-at-half-maximum (FWHM) of a specific XRD peak is typically 
used as an indicator of material quality. The non-zero value of the FWHM can be 
considered as being the result of diffraction spots being broadened in reciprocal space by 
instrumental resolution, by the macroscopic size and shape of the sample (such as wafer 
bending), and by structural defects. Instrumental resolution is the ultimate limiting factor 
for broadening of experimental scans. Broadening effects due to different types of defects 
are illustrated in Figure 3.1, which is taken from Moram and Vickers.1  
The shape of the diffraction peak is generally assumed to be either Gaussian (G) 
or Lorentzian (L), which give the following respective convolution relationships: 𝛽!! = 𝛽!"#$! + 𝛽!"#$%&! + 𝛽!"#$%&'&#!%! + 𝛽!"#$%&'("$!                      (3.1) 𝛽! = 𝛽!"#$ + 𝛽!"#$%& + 𝛽!"#$%&'&#!% + 𝛽!"#$%&'(!"                            (3.2) 
where β is the integral breadth, which is the peak area divided by the peak height, and 
commonly measured as the FWHM. 
 
 
48	  
 
Figure 3.1 Broadening in reciprocal space due to different types of defects: (a) tilt, twist 
and limited size, and (b) microstrain and composition/strain gradients. Note that this is a 
two-dimensional representation of broadening that can occur in all three dimensions.1 
 
The relationship between the measured FWHM βm and the broadening introduced 
by angular rotation and strain caused by dislocations, can be expressed as follows, 
assuming that the rocking curve is approximately Gaussian: 𝛽!"#! = 𝛽!! − 𝛽!"#$! − 𝛽!"#$%&'("$! = 𝛽!"#$%&! + 𝛽!"#$%&'&#!!!           (3.3)  𝛽!"#! = 𝐾! + 𝐾!𝑡𝑎𝑛!𝜃                                               (3.4) 
where the intercept Kα and the slope Kε can be used to determine the dislocation density 
D independent from the rotational and strain broadening, as described below2: 𝐷 = 𝐾!/4.36𝑏!                                                      (3.5) 
or 
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𝐷 = 𝐾!/0.090𝑏! 𝑙𝑛 2×10!!𝑐𝑚 𝐷                                   (3.6) 
 
Rocking curves were recorded for the (004), (115), (006), (226) and (117) 
diffraction planes for the T2SL sample B1877. The corresponding TEM image was 
reported in Figure 2.4, and showed a defect density of ~3.2×109/cm2, which was 
attributed to its large lattice mismatch of 0.47%. After subtraction of broadening effects 
caused by thickness and intrinsic property, the squared line width shows a close linear 
relation with tan2θ, where θ is the corresponding Bragg angle for each corresponding 
diffraction plane. The intersection obtained from linear fitting, as shown in Figure 3.2, 
gives a defect density of 1.77×109/cm2. 
 
 
Figure 3.2 Squared FWHM of rocking curves on different diffraction planes of sample 
B1877 versus tan2θ. 
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The calculated intrinsic broadening due to the macroscopic size and shape of the 
sample (such as wafer bending) is generally below 10 arcsec, and the instrumentation 
broadening with a (220) Ge monochromator is about 18 arcsec. These two broadening 
effects can be considered negligible for sample B1877, since the measured FWHM is at 
least 440 arcsec for each selected diffraction plane. Thus, when the thin film is optically 
thick and the defect density is relatively high, the measured FWHM can be considered as 
a broadening effect simply caused by the short average distance between dislocations. 
Nevertheless, when the material is of better quality with very few defects present, more 
detailed knowledge of the other broadening effects is required, which can be challenging 
to obtain. 
 
 
 
Figure 3.3 Bright field cross-sectional TEM image of InAs/InAsSb superlattice (B1875). 
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The bright-field XTEM image of B1875 in Figure 3.3 shows no sign of defects, 
suggesting a very low defect density that is beyond the detectivity of TEM.  
 
 
     
 
 
Figure 3.4 Omega-2theta (004) scan of B1875 measured using: a) Ge (220), and b) Ge 
(440) monochromator. 
 
 
 
a) 
b) 
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Given that the linewidth of the zeroth-order diffraction peak is comparable to the 
instrumentation broadening when using a (220) Ge monochromator, a (440) Ge 
monochromator was used instead, offering a much better resolution of 6 arcsec. The 
comparisons of XRD (004) ω-2θ scan results measured using (220) and (440) Ge 
monochromators are shown in Figure 3.4.  
The zeroth-order superlattice peak almost overlaps with the substrate peak as a 
result of reaching the lattice-matched condition, and is well resolved but with different 
FWHMs in each scan. The inset image in Figure 3.4b shows that the zeroth-order peak 
measured using the (440) Ge monochromator, has a FWHM of ~22 arc sec, while the one 
measured with (220) Ge monochromator shows a FWHM of ~31 arc sec. The extremely 
sharp peak in the symmetric (004) scan indicates uniform Sb concentration across the 
structure. Higher-order diffraction peaks were not visible in Figure 3.4b, because the 
signal had been dramatically weakened by the monochromator.  
Similar defect analysis through rocking-curve measurements was conducted, and 
rocking curves of (002), (004), (115) and (224) diffraction planes were measured using 
the (440) Ge monochromator. The fitting result in Figure 3.5 gives a defect density of 
(2.5±0.6) ×106/cm2: the accuracy, however, relies heavily on the accuracy of the 
calculation of broadening contributions introduced by factors other than dislocations. 
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Figure 3.5 Squared FWHM of rocking curves for different diffraction planes of sample 
B1875 versus tan2θ. 
 
3.2 Etch pit density measurements 
The classic method of measuring dislocation density is to subject a material to a 
chemical etchant that produces a surface pit, which is the result of an increased etching 
rate at the intersection of the dislocation with the surface. The measurement of etch pit 
density (EPD) then becomes a measurement of dislocation density.3 The EPD thus 
becomes a critical measure of wafer quality given its direct influence on device 
performance and process yield.4 The heavy demand for quick and reliable methods to 
characterize defects and to determine the formation mechanism makes EPD 
measurements widely used for semiconductor materials. More sophisticated etching 
methods, such as photo-etching, have also been developed.5,6 
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Figure 3.6 HRXRD scans on (004) and (113) diffraction planes of B1772. 
 
Sample B1772 consisted of a 10-nm GaSb layer, a 1-µm thick InAs/InAsSb T2SL 
sandwiched by two 10-nm AlSb barrier layers, grown using MBE on GaSb (001) 
substrates with a 500-nm GaSb buffer layer. The zeroth-order diffraction peak in Figure 
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3.6 overlaps with the substrate peak, and a fairly low defect density can be expected 
given that a lattice-matched condition has been achieved. 
 
 
 
Figure 3.7 High-resolution XRD patterns (Omega-2Theta) performed on (004) diffraction 
planes of B1772: a) at the center of the wafer; b) near the edge of the wafer. 
 
 
a) 
b) 
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Omega-2theta scans on (004) diffractions planes with higher resolution, but 
narrower range, have been performed at the center and near the edge of the wafer to 
investigate growth uniformity. Only the substrate and the zeroth-order diffraction peaks 
are shown in Figure 3.7.  
There is an apparent difference in the average lattice constant of the superlattice, 
where the superlattice grown at the edge of the wafer has larger lattice mismatch, 
indicated by greater separation between the zeroth-order diffraction peak and the 
substrate peak. Therefore, inferior growth quality on the wafer edge should be expected, 
compared to the growth quality achieved at the center, which is anticipated to be further 
confirmed by EPD measurements. 
For superlattice structures with alternating layers, it is critical that the chosen 
etchant provides similar etching rates for both layer materials (i.e. InAs and InAsSb). 
Two etchants were used for this study: solution A was composed of phosphoric acid, 
H2O2 and DI water with a volume ratio of 1:1:10; solution B was composed of citric acid 
and hydrogen peroxide (30%), with a volume ratio of 50:1. Citric acid was prepared by 
dissolving 100 g citric acid monohydrate powder in 100 mL DI water (or larger amount 
under the same ratio) and kept overnight to ensure complete dissolution.  
Sample B1772 was first etched in solution A for 15 seconds to remove the 10-nm 
GaSb cap and 10-nm AlSb barrier, and then etched in solution B for 2 min to ensure 
enough time for the formation of visible pits. Surface examination was conducted using 
an optical microscope, and the results acquired from the center of the wafer, and near the 
edge of the wafer, are shown in Figures 3.8a and 3.8b, respectively. The substantially 
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increased pit density along the wafer edge was confirmed at several locations, whereas a 
low pit density was generally observed in the central area of the wafer.  
 
 
 
Figure 3.8 Surface morphology of B1772: a) at the center of the wafer; and b) near the 
edge of the wafer, after etching for the same amount of time. 
 
a) 
b) 
100 µm 
100 µm 
58	  
The significant decrease in the density of etch pits when moving from the wafer 
edge towards the central region suggests a decrease in the density of dislocations that 
have propagated to the surface. The high density of etch pits at the edges proves that 
defect sites in InAs/InAsSb are sensitive to the solution used, which should thus be 
suitable as an etchant for conducting an EPD study. The EPD at the center of sample 
B1772 is estimated to be 2.0×104/cm2, and thus it is concluded that overall excellent 
material quality has been achieved. Note that since the etch rate of solution A is 5 nm/sec 
and the etch rate of solution B is 20 nm/min, roughly 115-nm-thick material has been 
removed during the etching process. Thus, only defects that have propagated close 
enough to the surface can be examined. While this EPD method is straightforward and 
easy to conduct, it is still at risk of underestimating the defect density in the bulk of the 
film. 
 
3.3 Cathodoluminescence imaging 
Optical techniques can give unambiguous information on the chemistry of 
optically active defects (optical centers), and provide detailed information on the 
properties of the excited electronic state(s) of the defect. To generate luminescence 
requires input of energy, and the primary tools used are cathodoluminescence (CL) and 
photoluminescence (PL), which respectively use beams of electrons or photons to excite 
the sample.  
CL has been proven to be an effective tool for measuring dislocation density, with 
a similar principle as EPD measurements.7–9 Dislocations intersecting the surface 
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strongly reduce the intensity of the intrinsic CL producing dark features associated with 
threading dislocations. This technique also measures other non-radiative features such as 
precipitates or inclusions.10–12  
Sample B1895 and B1893 both consist of InAs/InAsSb superlattices grown on a 
GaSb substrate, although, with different Sb compositions. As a result, B1893 has a lattice 
mismatch of 0.027%, and B1895 has a lattice mismatch of 0.051% according to XRD 
measurements. PL spectra of both samples were recorded at 12 K, and the intensities 
were normalized to the bulk InAsSb0.09 reference sample. 
 
 
Figure 3.9 Photoluminescence spectra of samples B1893 and B1895, both normalized to 
reference sample B1784. 
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The measurements were performed at Texas State University using a JEOL 6400 
scanning electron microscope (SEM) with a modified Gatan MonoCL 4 system, as shown 
in Figure 3.10a. The system is equipped with a load-lock, and its principal components 
are labeled as PMT, InGaAs and InSb detectors, monochromator, cold stage (internal) 
and beam blanker. Figure 3.10b shows the Gatan MonoCL 4 system with light path 
illustrated. A parabolic high-efficiency light-collection mirror collects the CL and 
transmits collimated light either directly to the detector (panchromatic mode) or, using 
retractable mirrors, passes through a monochromator with switchable gratings for the 
appropriate wavelength range (monochromatic mode). This apparatus is the only known 
system that has been modified with IR optics compatible to 12-µm operation, enabling 
new metrology for III-V CMOS relevant metrics.  
NIR and MWIR detection were accomplished using a high sensitivity GaAs 
photomultiplier tube (250-950 nm), an InGaAs detector (2.2 µm), and a Judson Teledyne 
single-element InSb detector operating at 80 K (5.5 µm), respectively (Fig. 3.10c). The 
inset in Figure 3.10c shows a CL panchromatic image of a relaxed 500-nm InAs layer 
grown on GaAs acquired at 3 µm, and the non-radiative features (dark spots) are 
indicative of dislocation clusters. The MWIR signal was measured using a lock-in 
amplifier, with a Deben beam blanker modulating the electron beam incident on the 
sample. This allowed separation of the DC IR background from the AC CL signal while 
phase-sensitive detection increased detectivity by 1000 times. CL panchromatic images 
on both samples were obtained at 80 K. 
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Figure 3.10 a) Photograph of JEOL 6400 scanning electron microscope; b) Gatan 
MonoCL 4 system with light path illustrated; c) Responsivity of GaAs photomultiplier 
tube, InGaAs detector, and a Judson Teledyne single element InSb detector. 
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Figure 3.11 a), c) SEM; and b), d) CL, images of sample B1895 taken from the same 
location with a 2.4-µm long-pass edge filter, with different magnification. The spot is a 
dust particle used for focus purposes. 
 
 
A 2.4-µm long-pass filter was used to filter out the signal from the GaSb 
substrate. Reasonably strong CL signal coming only from the InAs/InAsSb T2SL was 
observed for both samples with roughly the same intensity, as shown in Figures 3.11 and 
3.12.  Besides the dust particle used to focus the image, there is almost no contrast in the 
a) 
c) d) 
b) 
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images. However, the fairly uniform luminescence across the entire sample indicates the 
absence of non-radiative defects at least within the instrumental resolution. 
  
  
Figure 3.12 a) SEM; and b) CL, images of sample B1893 taken at the same location with 
a 2.4-µm long-pass edge filter. The center spot is a dust particle used for focus purposes. 
 
3.4 X-ray topography 
X-ray topography (XRT) is a non-destructive characterization technique used for 
imaging the micrometer-sized to centimeter-sized defect microstructure of crystals by 
means of X-ray diffraction. XRT is a very powerful tool for the evaluation of crystals for 
technological applications, and for characterizing crystal and thin-film growth and 
processing. In X-ray topography, images due to the interference of diffracted X-ray 
beams are recorded. For a perfect crystal, the image obtained is usually completely 
homogeneous, whereas imperfections cause deviations from the perfect long-range 
atomic order, so that changes in the image contrast are observed. In most cases, the 
defects themselves are not visible in images, but rather lattice deformations surrounding 
a) b) 
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the defects are seen. The spatial resolution of XRT can approach 1 µm, and sample areas 
as large as 100 cm2 can be imaged in a single exposure. However, XRT can only be 
applied for samples with comparatively low dislocation densities (103/cm2 or below),13 
since the contrast from single dislocations are no longer separable at higher densities.14 
 
  
 
 
 
Figure 3.13 a) Overview of Rigaku XRT-100 system; b) XRT-100 main body;  
c) geometry of surface reflection topography. 
 
 
 
Sample B1895 has been measured using the Lang method, a most widely used 
topography method developed by Lang.15 The Lang method can be applied to topography 
in both transmission and reflection geometries: because of the thickness of sample 
a) 
c) 
b) 
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B1895, the reflection geometry was chosen for this study. Asymmetric reflections spread 
the width of the image of the diffracted beams to approximately ten times the width of the 
X-ray source, enabling topography across a wide area of the crystal surface. In addition, 
asymmetric reflections make it possible to set the sample close to the film, leading to 
improved resolution. The sample was measured using the XRT-100CCM system at 
Arizona State University, as shown in Figure 3.13. 
When the incident X-ray beam is perfectly monochromatic and collimated, the 
angular width of the diffracted X-ray beam from a perfect crystal will be only several 
seconds or less. The incident X-ray beam used with Lang’s method has an adequately 
large divergence angle of several minutes. Among the incident X-rays, only a small 
portion of those that satisfy Bragg’s law will be collected, and most X-rays will 
propagate along the axis of transmission (Figure 3.14).  
 
 
 
Figure 3.14 Principle of forming lattice defect images, known as extinction contrast. 
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The integrated diffraction intensity from a perfect crystal is fairly weak. However, 
if the crystal contains a dislocation, then bending of lattice planes leads to a change in the 
lattice spacing in the region within several tens of microns of the dislocation core. 
Incident X-rays satisfying the diffraction conditions around the dislocation site will be 
diffracted and the integrated intensity can become extremely large. The phenomenon 
whereby diffraction intensity is weaker for a crystal with fewer dislocations is known as 
the extinction effect.  
The X-ray topographs from Sample B1895 were recorded using an image plate, 
X-ray films and nuclear emulsion plates, with increased resolution. The number of 
scanning counts was adjusted from 120 counts, 240 counts to 480 counts to ensure long 
enough exposure time. However, none of these recorded images provided any 
quantitative information on defect density, despite the fact that the highest resolution 
achieved was 1 µm when using nuclear emulsion plates. A similar problem, as 
encountered using the CL image technique, is the lack of contrast, which implies that the 
defect density cannot be resolved within the film resolution. However, some variation on 
the intensity was observed across the wafer, suggesting the possible presence of defects. 
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Figure 3.15 XRT images on Fuji industrial X-ray films with series number as, a) IX 20; 
and b), c) IX50 with 5 µm resolution. Scanning counts is set as 480 counts for all three 
images. 
 
3.5 Conclusions 
Several InAs/InAsSb SLs with different amounts of lattice mismatch have been 
characterized using different experimental techniques, in particular to quantitatively 
extract information about defect densities. Of the two most widely used characterization 
techniques, TEM suffers from the limited thin area that can be examined at any one time, 
while XRD rocking-curve analysis using Ayer’s theory can only provide information 
with limited accuracy, especially when dealing with materials with rather low defect 
density. EPD measurements can quantify the defect density when the etchant has been 
properly chosen. However, the obtained defect density is likely to be underestimated, 
especially for thicker films. Unfortunately, CL imaging and XRT imaging could not 
resolve the defects within their resolution limits.  
a) b) c) 
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CHAPTER 4 
INVESTIGATION ON BAND ALIGNMENTS IN nBn PHOTODETECTORS USING 
OFF-AXIS ELECTRON HOLOGRAPHY 
The nBn photodetector was originally proposed to effectively reduce dark current 
and noise without impeding photocurrent flow by providing a unipolar barrier that 
blocked most of the carrier electrons while not blocking the minority carrier holes. The 
highest quantum efficiency for nBn photodetectors has been obtained when the valence 
band offset is nearly zero.1 While the band alignment between superlattice-based barriers 
and absorbers can be engineered by adjusting the period and composition of superlattices, 
zero valence-band offset can hardly be realized practically, and the potential well or 
barrier in the valence band would consequently reduce the efficiency of hole collection. 
Knowing the band alignment is crucial to optimize the device performance of nBn 
structures. 
This chapter reports a study of the band alignments in MBE-grown nBn 
photodetectors with an absorber consisting of InAs/InAsSb superlattices and a barrier 
consisting of InAs/AlGaSb(As) superlattices. High-resolution X-ray diffraction (XRD) 
showing significant difference in Ga composition in the barrier layer, and different dark 
current behavior at 77 K, suggested the possibility of different types of band alignments 
between the barrier layer and the absorber for mid-wave and long-wave infrared samples. 
Off-axis electron holography was used to examine the charge distribution across the 
structure as a possible indicator of either type-I or type-II band alignment between the 
barrier and absorber layers. The results of this study have just been published.2 
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4.1 The concept of nBn photodetectors 
Rapid developments in infrared photodetector technology have been observed 
since the beginning of this century.3 Mid-wave infrared (MWIR) and long-wave infrared 
(LWIR) photodetectors are being widely applied in environmental monitoring, imaging, 
and scientific instrumentation.4 Despite the fact that T2SLs for IR photodetectors have 
been studied for decades, the theoretical device performance has not yet been achieved.5  
The nBn photodetector is a novel photodetector structure designed to suppress 
dark current without damping the photocurrent. The first letter n denotes an n-type 
contact layer, the second letter n denotes an n-type absorber layer, and B denotes a barrier 
layer, which is normally composed of a wide-band-gap material with large conduction-
band offset to the absorber layer to block the majority electrons but negligible valence-
band offset to allow the minority (photogenerated) holes from the absorber layer to pass 
freely. Further, if the barrier layer is doped n-type, then the nBn photodetector can 
suppress dark current resulting from generation-recombination by ensuring that the 
depletion region of the device is contained inside a large bandgap n-type barrier layer and 
excluded from the narrow bandgap n-type absorber region.6 In addition, the nBn 
photodetector architecture can effectively break the surface conductivity path and 
suppress surface leakage currents that are enabled by the presence of surface states.7,8 
However, zero valence-band offset between the barrier layer and the absorber region is 
very challenging to achieve practically, and most nBn devices have a band-edge 
discontinuity of either type-I or type-II band alignment, as indicated in Figure 4.1. These 
different band alignments between the barrier and the absorber layers could possibly lead 
to very different electrical performance, as was shown in this work. 
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Figure 4.1 Schematic showing possible band alignments in nBn devices based on Ga-free 
InAs/InAsSb type-II superlattices. 
 
4.2 Characterization technique: off-axis electron holography 
Conventional transmission electron microscopy (TEM), despite being widely 
used, can only provide spatial intensity information, while the phase and amplitude of the 
specimen exit-surface electron wavefunction are not recorded. The phase and amplitude 
information are directly related to the electrostatic and magnetic fields of the sample, 
which can be very important for characterization of semiconducting and magnetic 
materials. Off-axis electron holography is an electron-microscope technique that uses 
interference between the reference beam passing through vacuum and the beam passing 
through the sample to provide information about electromagnetic fields in the sample 
with high special resolution and sensitivity.9 The overlapping of two electron waves is 
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achieved using a positively charged electrostatic biprism that is usually located in the 
selected-area aperture holder (Figure 4.2). The sample region of interest is positioned to 
cover roughly half the field of view and is illuminated with a defocused, coherent beam 
of electrons.  
In addition to the biprism, the essential instrumentation for electron holograph 
includes a field-emission electron gun (FEG), providing a coherent electron source, while 
digital acquisition of the hologram using, for example, a charge-coupled-device (CCD) 
camera, allows for rapid retrieval and reconstruction of the complex image wavefunction. 
Normal objective lens is switched off to provide a field-free environment for magnetic 
materials. Additional “Lorentz” mini-lens in the lower bore of the objective lens pole-
piece can be used to record electron holograms at magnifications up to 70k×.10 
 
 
Figure 4.2 Schematic illustration of microscope geometry for off-axis electron 
holography: a) electrostatic phase shift reflects projected potential times the sample 
thickness; b) slope of phase shift reflects sample magnetization.11  
a) b) 
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For a thin film of material lying in the x–y plane which is free of magnetic fields, 
the phase difference between the reference wave (passing by the sample) and the object 
wave (passing through the sample) can be written as 
  ∆𝜙 𝑥,𝑦 = 𝐶! 𝑉!"#$% 𝑥,𝑦, 𝑧 𝑑𝑧                                            (4.1) 
where Vcryst is the electrostatic potential of the object, which includes the crystal potential 
and contributions from permanent electric fields.8 CE is a wavelength-dependent constant 
given by  𝐶! = !!"!" !!!!!!!!!                                                          (4.2)               
where E is the energy, λ is the wavelength of the electron beam, and E0 is the electron 
rest-mass energy. The measured phase differences can therefore be quantitatively 
correlated with the electrostatic field present in the examined sample. For a doped 
semiconductor device, the electrostatic potential comes primarily from the mean inner 
potential of the sample and the built-in potential introduced either by doping or by 
material differences on both sides of the junction. 
The fast-Fourier transform (FFT) can be calculated from the original recorded 
hologram. The FFT consists of a central peak, and two sidebands containing the desired 
phase and amplitude information about the sample. An inverse FFT is calculated from 
one of the sidebands, and is used to reconstruct the complex image, from which the phase 
and amplitude information can be extracted. 
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4.3 Experimental details 
Two nBn InAs/InAsSb T2SL device samples were grown by molecular beam 
epitaxy (MBE) under conditions similar to that reported previously,12,13 with different 
designs projected for MWIR and LWIR wavelength ranges. The layer structures of the 
LWIR nBn (Sample A) and the MWIR nBn (Sample B) are illustrated in Figure 4.3.  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Schematic showing layer structures of Sample A (left); and Sample B (right) 
 
 
 
175 nm, n-contact 
15.3 nm InAs: Si (1e18) / 
4.7 nm InAsSb superlattices 
102 nm, Barrier 
3.2 nm InAs / 2.8 nm  
AlGaSb(As) superlattices 
 
2400 nm, Absorber 
15.3 nm InAs / 4.7 nm InAsSb 
superlattices 
 
300 nm, n-contact 
15.3 nm InAs: Si (1e18) /  
4.7 nm InAsSb  
superlattices  
 
500 nm GaSb buffer undoped 
 
n-GaSb substrate 
 
30 nm, n-InAs: Si (1e18) 
n-contact 
100 nm, n-contact 
4.9 nm InAs: Si (1e18) / 
4.5 nm InAsSb superlattices 
100 nm, Barrier 
2.9 nm InAs / 2.2 nm AlGaSb(As) 
superlattices 
 
2500 nm, Absorber 
4.9 nm InAs / 4.5 nm InAsSb 
superlattices 
 
1000 nm, n-contact 
4.9 nm InAs: Si (1e18) / 
4.5 nm InAsSb 
superlattices 
 
500 nm GaSb buffer undoped 
n-GaSb substrate 
75	  
Both samples consisted of InAs/InAsSb SL absorber layers followed by growth of 
~100-nm-thick InAs/AlGaSb(As) SL barrier layers, where the two layers are sandwiched 
by top and bottom n-type contact layers that are heavily doped (nominally 1018/cm3). The 
adjustment of period and composition of the barrier SL under the strain-balanced 
condition enables the achievement of negligible valence band offset while providing a 
sufficient electron barrier. The absorber layers are unintentionally-doped n-type 
(1015~1016/cm3). 
High-resolution XRD measurements were performed using Cu Kα1 radiation with 
a PANalytical X’Pert PRO Diffractometer having an instrumental resolution limit of ~12 
arcsec. Samples suitable for cross-section TEM observation were prepared using standard 
mechanical thinning techniques followed by ion-milling at liquid-nitrogen temperature to 
minimize ion-milling artifacts. Diffraction contrast and high-resolution images were 
recorded using a JEM-4000EX high-resolution electron microscope operated at 400 keV 
with a structural resolution of ~1.7 Å.  
For electron holography measurements, samples were prepared using a wedge-
polishing technique to provide a linear thickness profile with a wedge angle of ~2°, 
followed by brief ion-milling at liquid-nitrogen temperature using a Gatan Precision Ion 
Polishing System operated at 2.3 kV. Electron holography observation was carried out 
using a Philips-FEI CM200-FEG high resolution TEM, and a FEI Titan 80-300 
environmental TEM. 
Samples for electrical measurements were processed in clean-room conditions. 
410-µm × 410-µm square mesas were defined using photolithography with open optical 
apertures ranging from 50 µm to 200 µm in diameter. Wet etchant was prepared using 
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citric acid solution, hydrogen peroxide and distilled water with a volume ratio of 1:1:10. 
The bottom and top metal contacts (50-nm Ti/50-nm Pt/300-nm Au) were deposited 
using an e-beam evaporator. The samples were processed by shallow etching as opposed 
to single-element etching, as illustrated in Figure 4.4, to preclude any possible dark 
current contribution from side-walls left by wet-etch processing. The processed detectors 
were wire-bonded on ceramic packages so that electrical bias could be applied to the top 
of each mesa. 
 
 
Figure 4.4 Comparison of processed structures after shallow etching (left) and single-
element etching (right). 
 
4.4 Results and discussion 
High-resolution XRD patterns from (004) planes of both samples together with 
simulated results are shown in Figure 4.5. The simulated patterns were achieved under 
the assumption that the Al and Ga compositions were the same as the design (80%, 20% 
for Sample A, and 94%, 6% for Sample B, respectively), given generally well-controlled 
group-III element growth. Simulation results showed 3.3% As in Sample A compared 
with 8.9% As in sample B. 
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Figure 4.5 High-resolution X-ray diffraction patterns and simulations (offset below each 
experimental profile) for the (004) diffraction planes of: a) Sample A; and b) Sample B 
 
 
 
 
a) 
b) 
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Both zeroth-order peaks of absorber superlattices were identified by simulation 
overlap with the substrate peaks, indicating that the lattice-matched condition had been 
achieved. The average full-width-at-half-maximum (FWHM) of first order and second 
order satellite peaks of sample A and sample B were 26 arcsec and 25 arcsec, 
respectively. Very sharp satellite peaks and the observation of high-order diffraction 
peaks, demonstrated the overall excellent crystal quality and very low defect density. 
Detailed structural information extracted from the scans on (004) and (113) planes, is 
listed in Table 4.1 below. 
 
Table 4.1 Structural parameters for LWPD nBn (Sample A) and MWPD nBn (Sample B), 
as calculated from the corresponding HRXRD patterns. 
 
 
InAs/AlGaSbAs Barrier InAs/InAsSb absorber 
Al 
(%) 
Ga 
(%) 
Sb 
(%) 
As 
(%) 
InAs 
(nm) 
AlGaSbAs 
(nm) 
Sb 
(%) 
InAs 
(nm) 
InAsSb 
(nm) 
Sample A 
(B1835) 80 20 96.4 3.3 2.8 2.5 38.5 14.1 4.3 
Sample B 
(B1898) 94 6 91.1 8.9 2.9 2.1 19.0 5.0 4.6 
 
Based on the composition and layer thickness extracted from XRD simulation, the 
valence-band offset (VBO) between barrier and absorber superlattices of each sample, 
and the VBO between the absorbers of sample A and sample B, can be estimated using 
the Kronig-Penney model with material parameters reported by Vurgaftman,14 as 
indicated in Figure 4.6  When calculating ternary and quaternary material parameters, 
bowing factors were assumed to be zero and linear interpolation was used in such case, 
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which could introduce some small uncertainties that need to be measured by other 
characterization techniques. 
 
 
Figure 4.6 Schematic showing calculated band alignments of sample A (left) and sample 
B (right). The band alignments are specified according to calculation results obtained 
using the Kronig-Penney model. 
 
 
Cross-sectional TEM images of Sample A (Figure 4.7) confirm that the designed 
structure has been successfully achieved with smooth interfaces between the barrier and 
absorber layers, as well as within each superlattice. Very low defect density with no 
visible dislocations, has been observed, as implied by the narrow linewidth of X-ray 
satellite peaks in Figure 4.5a. 
80	  
 
Figure 4.7 Cross-sectional transmission electron micrograph of Sample A. 
 
The relations between dark current density and applied bias are plotted in Figure 
4.8a. With a copper thermal shield, the dark current density of Sample A at 77 K was 
measured as 5×10-4 A/cm2 at an operating bias of -0.3 V.15 On the other hand, the dark 
current density of Sample B had much larger values over almost the entire negative bias 
range, where the absorber was depleted. Moreover, the dark current for Sample B 
increased substantially when the applied bias went beyond -0.23 V, while only a slight 
current increase was observed for Sample A. The photocurrent of both samples (Figure 
4.8b) started to increase at a bias that was higher than the calculated built-in voltage of 
0.13 V, implying a valence-band discontinuity in both samples. Similar to the dark 
current, the photocurrent of sample B also increased significantly when under large bias, 
while the photocurrent of sample A reached saturation.  
InAs/InAsSb	  SL	  
InAs/InAsSb	  SL	  
InAs/AlGaSb	  SL	  
100nm	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Figure 4.8 Comparison of: a) dark current density; and b) photocurrent, of Sample A and 
Sample B measured at 77 K. The turn-on behavior is only observed in Sample B for both 
cases. 
 
The dark current contribution from side-wall damage introduced by processing is 
negligible because shallow etching instead of single element etching has been conducted 
on Sample B. It was considered likely that the type of band alignment between the barrier 
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and absorber layers was different for these two cases, as a result of the different As 
contents in the InAs/AlGaSb(As) superlattice barrier layers. Lower As content in the 
barrier layer of Sample A would likely have a hole barrier (type-I alignment) that 
partially blocks hole current in the device, resulting in low dark-current density. On the 
other hand, the possible type-II band alignment in Sample B could be the reason for the 
observed turn-on feature in both dark-current and photocurrent measurements.  
 
 
Figure 4.9 Conductivity-voltage and capacitance-voltage measurements of: a) Sample A; 
and b) Sample B. Both measured at 80 K. 
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Very different behaviors for Samples A and B are also observed in conductivity-
voltage and capacitance-voltage measurements at 80 K, as shown in Figure 4.9. The 
value of !"!" for Sample A changes as the device is further depleted, while the measured 
parallel capacitance of Sample B decreases rapidly as applied bias increases without 
showing much variation in the slope. 
To further confirm the proposed band alignment, specimens were prepared in 
cross section for electron holography observations, using a wedge-polishing technique to 
provide a linear thickness profile with a wedge angle of ~2°, followed by brief ion-
milling at liquid-nitrogen temperature using a Gatan Precision Ion Polishing System 
operated at 2.3 kV. Electron holography observations were carried out using a Philips-
FEI CM200-FEG high resolution TEM, and a FEI Titan 80-300 environmental TEM.  
A reconstructed phase image of Sample B was obtained after processing of the 
recorded hologram and flattening of the thickness profile, as shown in Figure 4.10. The 
phase change within the top contact layer and the absorber layer is likely to be due to the 
chemical difference between superlattice layers (i.e., the mean inner potential difference 
between InAs and InAsSb). 
The relationship between the incident electron-beam intensity Izero and the 
reduced intensity Itot caused by inelastic scattering is described by16:  𝑡 = 𝜆×𝑙𝑛 !!"!!!"#$ = −2𝜆𝑙𝑛 𝐴!"#                                             (4.3) 
where 𝜆 is the inelastic mean free path. Therefore, thickness images can be derived based 
on normalized amplitude images reconstructed from electron holograms, provided that 
the sample is tilted slightly away from a strongly diffracting condition.8 The sample 
84	  
thickness is thus estimated to be 250 nm. 
 
 
                                  
Figure 4.10 Reconstructed phase image of Sample B: a) grey scale; b) color contour; and 
c) line profile from the selected area indicated in b). 
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From the known sample thickness, the phase profile obtained in the line scan 
(Figure 4.10c) can be converted to a potential profile. Assuming that the change of 
potential over distance can be described using a parabolic function, then the charge 
density in the barrier layer can be calculated using the following expression. !!∅!!! = − !!!                                                              (4.4) 
The positive charge density in the barrier layer of Sample B is thus determined to 
be 1.8 × 1017/cm3. 
In contrast, reconstructed phase images of Sample A display negligible phase 
change in the barrier layer (Figure 4.11b), indicating that any charge density if present in 
that region must be lower than the detectability limit. The absence of charge or very low 
charge density in the barrier layer indicates the likelihood of type-I band alignment 
between the barrier and absorber layers. 
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Figure 4.11 Reconstructed phase image of Sample A: a) color contour after flattening; 
and b) line profile from the selected area indicated in a). 
 
The turn-on feature in the I-V measurements for Sample B could be due to the 
staggered type-II alignment, which is distorted so severely that when strong negative bias 
is applied to the top contact, electrons from the valence band of the barrier layer tunnel to 
the conduction band of the absorber layer and hence increase current flow. As for 
b) 
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capacitance-voltage measurements of Sample A, after the flat band voltage region, the 
capacitance starts to decrease as more of the absorber becomes depleted with increasing 
bias, which gives the first slope in the C-V curve. As the bias is further increased, given 
the presence of the hole barrier, an inversion layer is formed at the interface of the barrier 
and absorber layers, which slows the capacitance decrease as the inversion capacitance 
weighs in. The limited height of the hole barrier is eventually overcome with enough 
applied bias, causing an artifact that the measured capacitance increases as a result of 
decreased overall impedance. Such trends are also matched very well with conductivity-
voltage measurements, where the conductivity remains at a small value until the critical 
voltage is reached (-0.7 V). On the other hand, the conductivity of Sample B increases 
rapidly with higher depleting bias, indicating the absence of any hole barrier in this 
device. 
 
4.5 Conclusions 
While nBn photodetectors have sparked great interest recently as providing an 
approach to effectively reduce dark current, achieving a negligible barrier on the other 
band is not easy, and requires careful structure design and precise growth control. 
Structural characterization by high-resolution XRD and TEM show that designed nBn 
structures with very low defect density have been successfully grown by MBE. XRD 
simulation results indicate different amounts of As have been unintentionally 
incorporated in the barrier layers, which is anticipated to produce different band 
alignments. Distinctively different behavior, possibly caused by such differences in band 
alignment, was observed in current-voltage and capacitance-voltage measurements. A 
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positive charge density of 1.8 × 1017/cm3 in sample B, as determined by electron 
holography results, confirms the presence of a potential well in its valence band, meaning 
that there is a type-II alignment in sample B. On the contrary, sample A is shown to have 
type-I alignment because of no sign of positive charge in its barrier. 
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CHAPTER 5 
STUDY OF CARRIER DISTRIBUTION IN InAs/InAsSb SUPERLATTICES AT 
DIFFERENT TEMPERATURE 
The Ga-free InAs/InAsSb T2SLs have attracted significant research interest in 
recent years due to their potential applications in infrared detection. The performance of 
minority carrier devices, such as infrared detectors, strongly depends on the residual 
carrier background concentration. However, the background carrier concentration in Ga-
free SLs has only been studied at 77 K,1 and trap energy level(s) introduced by un-
intentional doping remains unknown.  
This chapter presents a study of background carrier density of mid-wavelength and 
a long-wavelength infrared InAs/InAsSb SLs by conducting photoluminescence (PL) and 
capacitance-voltage (C-V) measurements at different temperature. The results of optical 
and electrical measurements indicate that the carriers initially bound at localized states 
near the oxide/semiconductor interface at low temperature, are thermally excited into 
extended states as the sample being heated up. This leads to a maximum PL intensity and 
maximum PL peak energy observed at 50 K, and the lowest carrier density extracted 
from the C-V measurement conducted at 40 K. 
 
5.1 Sample preparation 
The mid-wave infrared (MWIR) nBn suffers greatly from large leakage current, 
as discussed in chapter 4 (Sample B). In order to suppress the leakage current in C-V 
measurements, a metal–oxide–semiconductor (MOS) structure was fabricated based on a 
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p-i-n device consisting of a MWIR InAs/InAsSb T2SL with a band gap of 262 meV at 77 
K, which was grown under conditions similar to that reported previously.2,3 Details of the 
layer structures of the MWIR p-i-n before and after processing are illustrated in Figure 
5.1. 
 
 
Figure 5.1 Schematic showing layer structures of MWIR p-i-n structure before (left) and 
after (right) being processed into MOS structure 
 
The heavily doped top contact layer was removed using a solution of citric acid, 
hydrogen peroxide and distilled water with a volume ratio of 1:1:10, followed by atomic 
layer deposition (ALD) of an approximately 32-nm-thick Al2O3 layer with a growth rate 
of 1.8 Å/cycle for 177 cycles. A combination of reactive-ion etching (mainly for Al2O3 
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removal) and wet etching (for SL removal) was utilized to define shallowly etched mesas 
in order to avoid signal contributions (leakage current, information from possible traps 
introduced by etching, etc.) from the side walls. The bottom and top metal contacts (50-
nm Ti/50-nm Pt/300-nm Au) were deposited using an e-beam evaporator. The processed 
MOS structure was wire-bonded onto a ceramic package so that electrical bias could be 
applied to each top contact individually. 
A long-wave infrared nBn InAs/InAsSb T2SL was processed for electrical 
measurements, similar to the procedure discussed in chapter 4. Since the leakage current 
was small enough for capacitance measurement, no oxide layer was deposited. Thus, no 
reactive-ion etching was conducted during the sample processing, only wet etching with 
the same etchants mentioned above. 
 
5.2 Temperature-dependent photoluminescence 
Steady-state PL measurements using Fourier-transform infrared spectroscopy 
(FTIR) were conducted on the p-i-n structure before and after processing (MOS structure), 
using a laser with wavelength of 808 nm, and power density of 0.17 W/cm2 and 0.53 
W/cm2. The PL results for the mid-wave MOS sample measured at temperatures ranging 
from 13 K to 150 K are plotted in Figure 5.2a. A comparison of temperature-dependent 
PL integrated intensity and PL peak energy between the MOS and p-i-n samples are 
summarized in Figures 5.2b and 5.2c, respectively.  
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Figure 5.2 a) Temperature-dependent PL measurements on mid-wave infrared T2SL-
based MOS structure; b) temperature-dependent integrated PL intensity; and c) 
temperature-dependent PL peak energy, measured on the MOS structure and the p-i-n 
structure. 
 
a) 
b) 
c) 
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The integrated PL intensity of MOS sample increased substantially as the sample 
was heated up from 10 K, and reached its maximum at 50 K, while the integrated PL 
intensity of the sample with the p-i-n structure always decreased as the temperature was 
increased. 
The differences in their temperature-dependent PL spectra suggested that the 
origin of the peak intensity was related to the barrier introduced by the Al2O3 layer. 
Without any applied bias, the semiconductor in the MOS structure was under 
accumulation and a two-dimensional electron gas would be formed at the 
oxide/semiconductor interface. When the temperature was increased to 50 K, a thermally-
enhanced carrier redistribution caused by carrier thermionic emission from localized 
states at the interface can be expected: the photo-generated electrons that were initially 
bound at localized states at the oxide interface would be thermally excited to extended 
states in the T2SL semiconductor. Since these extended states were present at higher 
energy levels as compared to localized interface states, and larger wavefunction overlap 
between electrons and holes could be expected, increases in both PL peak energy and 
integrated PL intensity were observed. As the temperature was further increased, the band 
gap shrank following the Varshni’s law.4 On the other hand, there was only weak carrier 
localization, for the p-i-n sample without the oxide barrier, possibly introduced by spatial 
potential fluctuations due to the random disorder of InAs and InAsSb layer thicknesses, 
which would be easily overcome at much lower temperature. A slight blue shift observed 
in the temperature range of 13 K to 20 K, as indicated in Figure 5.2c, may be associated 
with this carrier delocalization process. Similar carrier delocalization was also observed 
in the capacitance measurements, discussed in detail in the following section. 
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5.3 Capacitance-voltage measurements  
Measurements were conducted in parallel mode (Cp-Gp) (Figure 5.3a) using a 
DLS-83D Deep Level Transient Spectroscopy (DLTS). When the device is under 
accumulation, its equivalent circuit can be simplified, as shown in Figure 5.3b, consisting 
of series resistance Rs, oxide capacitance Cox, and accumulation capacitance CA, of which 
the contribution of CA can be ignored when under strong accumulation. By equating the 
real part and imaginary part in the measured impedance, Rs and Cox can be calculated 
using the following equations: 𝑅! = !!"!!!!!!"!!!"!                                                 (5.1) 𝐶!" = !!!!!!"!!!"!!!!!"!!!"                                                  (5.2) 
where RmA and CmA are resistance and parallel capacitance measured under strong 
accumulation, respectively, and ω is the angular frequency which was fixed at 1 MHz for 
all the measurements.  
Oxide capacitance was calculated as 400 pF at 10 K, and slightly increased to 407 
pF at 100 K, as a result of increased contributions from accumulation capacitance at 
higher temperature. The correct oxide thickness (𝑊!") can thus be extrapolated using the 
calculated Cox, oxide dielectric constant εox and contact area A, as below: 𝑊!" = !!!"!!"                                                         (5.3) 
Given that the contact area A is 0.16 mm2, the Al2O3 thickness can be determined 
to be 31 nm, which is in good agreement with the anticipated ALD growth thickness. 
Figure 5.3c shows the equivalent circuit when the SL in MOS structure is under 
depletion, where Cd denotes the depletion layer capacitance and Rp denotes the effective 
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device resistance due to leakage (tunneling) through the oxide. The MOS capacitance 
CMOS can be given by the series combination of the oxide layer capacitance Cox and the 
InAs/InAsSb SL depletion layer capacitance Cd, which can be expressed as 
 𝐶!"# = !!!" + !!! !!                                                      (5.4) 𝐶! = !!!"!!                                                                  (5.5) 
where εSL is the dielectric constant of SL, and Wd is the depletion width in SL. 
 
 
 
 
Figure 5.3 a) Parallel mode used for measurements, and equivalent measurement circuit 
under: b) accumulation; and c) depletion. 
 
With knowledge of Rs and Cox, the C-V curves obtained before and after 
correction were plotted for comparison in Figure 5.4. 
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Figure 5.4 Comparison of Capacitance-Voltage curves before and after correction, 
measured at 10 K. 
 
As the bias was swept from positive to negative, the InAs/InAsSb T2SL region 
changes from accumulation, where the capacitance saturates, to depletion, where the 
capacitance firstly decreases as the depletion region width increases and then saturates at 
~50 pF due to saturation of the surface potential. When the MOS was further biased, an 
inversion layer was formed. As more holes had been accumulated on the oxide-
semiconductor interface, the minority holes are able to respond to the applied AC bias. 
As a result, the capacitance rose again. The carrier density can be calculated from linear 
fitting of the obtained plot of 1/CMOS2 versus bias U under depletion conditions, and the 
measured carrier density n can be described as: 𝑛 = − !!!!!"! !"! !/!!"#!                                                  (5.6) 
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where q is the electron charge.5 Note that n is the net charge swept in capacitance 
measurements, which is the difference between the majority electron density and the 
minority hole density.  
 
 
 
Figure 5.5 a) The relation between MOS capacitance and bias applied, measured at 10 K 
and 38 K; b) carrier density as a function of InAs/InAsSb SL depletion depth in the MOS 
device, determined from capacitance-voltage measurements conducted at 10 K and 38 K. 
 
a) 
b) 
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A series of C-V measurements has been conducted at temperatures ranging from 
10 K to 90 K. The corrected C-V curves measured at 10 K and 38 K are plotted in Figure 
5.5a, showing an apparent change in the slope in a selected bias range where the 
semiconductor was depleted, as an implication of a change in carrier density. Based on 
equation 5.6, the measured carrier density n vs. InAs/InAsSb SL depletion layer thickness 
Wd can be extracted and plotted, as in Figure 5.5b.  
The carrier density may be derived by observing the carrier density for 
InAs/InAsSb SL depletion depths in the 150-300 nm range. The carrier density was 
thereby calculated as 1.3×1016/cm3 at 10 K and 8.5×1015/cm3 at 38 K. This represents 
either an unintentional impurity density or an electrically-active defect density 
incorporated during the epitaxial growth.  
 
 
Figure 5.6 Temperature dependent carrier densities of the MOS structure based on 
MWIR InAs/InAsSb T2SL. 
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Based on the same analysis, the relation between the electron density and 
temperature was plotted in Figure 5.6. The carrier density appeared insensitive to 
temperature change in the range of 10 K to 30 K, and quickly dropped by roughly half 
when the temperature increased from 30 K to 40 K. After remaining at about 
8.5×1015/cm3 from 40 K to 50 K, the carrier density increased rapidly as the temperature 
was increased to 90 K. 
There was no freeze-out observed but only a slight increase in carrier 
concentration when the sample was heated from 10 K to 30 K, indicating that the donors 
were almost fully ionized even at temperatures as low as 10 K. Such shallow donor level 
must reside close to the effective conduction band edge. The following decrease in carrier 
density contradicted with most temperature-dependent carrier-density measurements that 
have been reported. Possible reasons are discussed later in this chapter. As the 
temperature was further increased, the intrinsic carrier density ni began to dominate. Due 
to the law of mass action (i.e., n0p0=ni2), the equilibrium electron density must also 
increase and the measured carrier density is expected to rise as a result. 
The abnormal decrease in carrier density can be attributed to similar reasons as 
the optical performance. However, when the C-V measurement was conducted, the T2SL 
semiconductor was under depletion as opposed to accumulation during the PL 
measurements. An inversion layer would be formed at the oxide/semiconductor interface 
where minority holes were accumulated. At low temperature, the holes were not able to 
respond to AC signals with frequency as high as 1 MHz. Therefore, the slight increase in 
carrier density observed in the temperature range of 10 K to 30 K, was only due to the 
enhanced donor ionization at higher temperature. When the sample was heated further to 
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40 K, more holes were generated and thermally excited from localized states near the 
interface, contributing to the measured capacitance. Since the carrier density extracted 
from C-V curves reflects the net charge change in a specific region when it is depleted, 
the decrease in carrier density was most likely due to a decrease in net charge change 
caused by the increased density of holes. 
Temperature-dependent C-V measurements were conducted on another nBn 
photodetector based on a long-wavelength infrared (LWIR) sample, with a bandgap of 
101 meV at 77K. As shown in Figure 5.7, its carrier density remained relatively fixed at 
4.15×1015/cm3 over the temperature range from 10 K to 95 K, unlike the variation 
observed in the MWIR sample. 
 
 
Figure 5.7 Temperature-dependent carrier (electron) density in LWIR sample. 
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5.4 Deep Level Transient Spectroscopy 
The abnormal decrease in carrier density observed in the temperature range of 30 
K to 40 K was confirmed by Deep Level Transient Spectroscopy (DLTS) measurements. 
DLTS was first introduced by Lang6 to characterize deep non-radiative centers, as a 
technique complementary to luminescence. The DLTS technique is based on the 
measurement of transient capacitance signal generated by the emission process of carriers 
trapped temporarily in trap states. The principle of DLTS is illustrated in Figure 5.8. 
 
 
 
 
Figure 5.8 Energy band diagrams of the Metal-Semiconductor junction: a) before the 
filling pulse; b) during the filling pulse; c) just after the filling pulse.7 
 
 
a) 
b) 
c) 
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For simplicity, all trap states that are under the Fermi energy level are considered 
filled while those above the Fermi energy level are considered empty. When a short bias 
pulse is applied, the originally empty states fall below the Fermi energy level and are 
quickly filled by electrons (Figure 5.8b). When the pulse is released, the trap states relax 
back to where they were originally and electrons will gradually be emitted, with a rate 
that is closely related to the temperature. Therefore, with a pre-set lock-in frequency, a 
temperature sweep can be used to identify the energy level of the trap state within the 
band gap. Alternatively, a frequency scan can also be performed at a certain fixed 
temperature to determine the characteristic emission rate at that temperature.   
 
 
 
Figure 5.9 a) Excitation pulse; b) capacitance transient  
 
DLTS measures the transient capacitance after the pulse is released, as illustrated 
in Figure 5.9. The output of the Lock-In Integrator is referred to as the DLS signal. At the 
peak position of the DLS signal, the time constant τ of the measured transient process and 
a) 
b) 
104	  
the lock-in frequency f have a constant ratio: 
!! = 2.17×𝑓                                                          (5.7) 
Both the emission rate, which determines the decay lifetime, and the trap density, which 
determines the maximum amplitude, could affect the magnitude of the DLS signal. 
The reverse bias and pulse bias were chosen based on the C-V results. Two 
temperature scans were performed with lock-in frequencies of 1000 Hz and 2500 Hz, and 
the results are plotted in Figure 5.10. An overall negative signal has been recorded, as a 
result of majority (electron) traps being characterized. A peak appeared at 45 K in both 
scans, regardless of the frequency used, implying that this observation was unlikely to be 
associated with the electron emission process, which is highly temperature-sensitive, but 
more likely with the change in carrier densities at different temperatures. 
 
 
Figure 5.10 DLTS temperature scans on MWIR InAs/InAsSb SL MOS structure, 
performed with lock-in frequencies set as 1000 Hz and 2500 Hz. 
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No frequency sensitive peak has been observed. However, there was always a 
negative non-zero signal detected in the selected temperature range, regardless of the 
chosen lock-in frequencies, indicating a slow transient process happening with a time 
constant that is comparable with the one set by the Lock-In Integrator. This negative 
signal remained almost constant at low temperature, which implied that such process was 
insensitive to temperature change at low temperature. The decrease in DLS signal at 
higher temperature can be considered as tails of a peak that likely appeared at a 
temperature higher than the selected range. From equation 5.6, the potential peak position 
corresponds to time constants of 0.2 ms and 0.5 ms, when measured with lock-in 
frequencies of 2500 Hz and 1000 Hz, respectively. 
The slow transient process could be due to localized states introduced by 
imperfections in growth control, resulting in the failure to achieve uniform period across 
the SL structure or atomic flat interface. Another possibility is that an inversion layer was 
slowly formed at the reverse bias chosen for DLTS measurements. As more holes started 
to accumulate near the interface, the capacitance would slowly increase, giving the 
negative DLS signal. 
DLTS measurements were also performed on the LWIR nBn sample. In contrast, 
the DLS signal remained zero in the entire temperature range without any temperature 
characteristic peaks observed (Figure 5.11), which was possibly due to the limited height 
of the hole barrier for formation of the inversion layer. 
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Figure 5.11 DLTS temperature scan on LWIR InAs/InAsSb SL nBn structure, performed 
with lock-in frequencies set as 2500 Hz. 
 
The DLTS measurements results obtained on both MWIR and LWIR 
InAs/InAsSb SL samples showed no sign of deep trap levels, implying that the trap level 
could be present above/under the effective conduction/valence band edges, or that the 
sample had to be cooled down to even lower temperature to slow the trap emission 
process so that it could be detected by the Lock-In Integrator. 
 
5.5 Conclusions 
Carrier densities in MWIR and LWIR InAs/InAsSb T2SL have been studied over 
a range of temperature. Temperature-dependent PL measurements showed the strongest 
integrated PL intensity and the largest peak energy at around 50 K. The blue shift 
observed at low temperature was associated with thermally-enhanced carrier 
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redistribution, where electrons bound at the lower energy state at the interface were 
excited into the bulk superlattice. No carrier freeze-out was observed in both samples at 
10 K, implying almost fully ionized shallow impurity levels acting as donors in the 
InAs/InAsSb SLs. The abnormal decrease in the carrier density of the MOS structure 
based on the MWIR T2SL that was extracted from C-V, was also confirmed in the DLTS 
measurements, and attributed to the increased density of holes that had been thermally 
excited from localized states near the oxide/semiconductor interface. The non-zero DLS 
signal indicated the slow formation of an inversion layer at the bias selected for the 
temperature sweep. No deep-level traps were observed for either MWIR and LWIR 
InAs/InAsSb T2SLs within the instrument capability.  
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
The research of this dissertation has focused on understanding the structural, 
optical and electrical properties of MBE-grown InAs/InAsSb type-II superlattice (T2SL) 
material, which are being considered as an alternative for infrared detectors. 
The effects of different growth conditions, including substrate temperature and 
III/V flux ratio on the material quality of the InAs/InAsSb T2SLs, have been thoroughly 
investigated.1 The incorporated Sb composition in InAsSb layers, superlattice layer 
thicknesses and defect densities were extracted from the characterization results obtained 
using high-resolution X-ray diffraction (HRXRD) and transmission electron microscopy 
(TEM). Lower growth temperatures and higher Sb/As flux ratios enabled more Sb to be 
incorporated into the InAsSb layers, allowing the growth parameters to be adjusted in 
order to achieve the target Sb composition of 39% that was needed to reach the strain-
balanced condition. Excellent quality materials were finally demonstrated with very low 
defect density that was beyond the detectation limits of XRD and TEM. This calibration 
approach has since been successfully used in many growth experiments and has proved to 
be reproducible in different growth campaigns. 
While XRD and TEM were convenient for characterizing materials with 
detectable density of defects, their usefulness for quantifying low defect density in high 
quality materials was very limited. Once the growth conditions had been optimized, no 
quantitative information on defect density could be extrapolated by XRD analysis, and 
virtually no defects were observed in the InAs/InAsSb T2SL materials by TEM. Thus, 
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other characterization techniques, such as etch-pit-density (EPD) measurements, 
cathodoluminescence imaging and X-ray topography, were explored, with the eventual 
goal of reaching a better understanding of the sparsely distributed defects still present in 
the MBE-grown InAs/InAsSb materials. Phosphoric acid-based and citric acid-based 
solutions were jointly used to expose surface pits, which could possibly be linked to the 
presence of buried defects. The spatial distribution of the etch pits across the wafers was 
studied. High pit densities were observed near the wafer edges whereas etch-pit densities 
of only ~2.0×104/cm2 were observed near the wafer center. However, the defect density 
obtained is likely to be underestimated, especially for thicker films. Unfortunately, the 
lack of contrast in images obtained by cathodoluminescence imaging and X-ray 
topography techniques also indicated their inability within their resolution limits to 
provide any quantitative information about defect density in these InAs/InAsSb T2SLs of 
interest. 
Since InAs/InAsSb T2SLs with sufficiently low defect density had been 
successfully achieved, nBn photodetectors based on these materials were fabricated to 
study their device performance, expecting to achieve severely suppressed dark current. 
However, zero valence-band offset between the barrier layer and the absorber region in 
ideal nBn structures is very challenging to achieve practically, and different band 
alignments could lead to very different electrical performance. The significant difference 
in Ga composition in the barrier layer, and different dark current behavior observed at 77 
K, between a long-wave infrared (LWIR) and a mid-wave infrared (MWIR) nBn devices, 
suggested the possibility of different types of band alignments between the barrier layer 
and the absorber for these samples. Off-axis electron holography was used to examine the 
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charge distribution across the structure as a possible indicator of either type-I or type-II 
band alignment between the barrier and absorber layers. A positive charge density of 1.8 
× 1017/cm3 in the barrier layer of MWIR nBn photodetector, which was determined by 
electron holography, confirmed the presence of a potential well in its valence band, 
indicating that there was a type-II alignment between the barrier and absorber layers. In 
contrast, the LWIR nBn photodetector was shown to have type-I alignment because no 
sign of positive charge was detected in its barrier.2 
The performance of minority carrier devices, such as infrared detectors, strongly 
depends on the residual carrier background concentration. However, the background 
carrier denisty in MWIR and LWIR InAs/InAsSb T2SL has rarely been studied. 
Capacitance-voltage (C-V) measurements at different temperatures were performed to 
investigate the temperature dependence of the carrier density in an MOS structure based 
on MWIR InAs/InAsSb T2SLs, and a nBn structure based on LWIR T2SLs. No carrier 
freeze-out was observed in either sample at 10 K, indicating that the unintentionally 
introduced donor levels must lie very close to, or even above,the effective conduction 
band edge so that they were almost fully ionized. The abnormal decrease in carrier 
density measured in an MWIR MOS sample was attributed to the increased density of 
holes that had been thermally excited from localized states near the oxide/semiconductor 
interface as the temperature was increased. As a result, the net change in charge density 
decreased as the semiconductor was depleted. Similar behavior was observed in 
temperature-dependent PL measurements, where the strongest integrated PL intensity and 
the largest peak energy were detected at around 50 K. No deep-level traps were revealed 
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in deep-level transient spectroscopy (DLTS) temperature scans for both MWIR and 
LWIR InAs/InAsSb T2SLs. 
Thus, these Ga-free InAs/InAsSb SLs grown by MBE have been thoroughly 
investigated. While the alloy composition and layer thicknesses can be routinely 
measured, defect density, especially for strain-balanced SLs, can not be characterized 
quantitatively. The origin of unexpected temperature dependence in electrical and optical 
measurement results was suspected to be associated with the localized states at oxide-
semiconductor interface. The absence of deep levels was confirmed by the DLTS 
measurements, which could be the reason for long minority carrier lifetimes observed in 
Ga-free T2SLs. 
 
6.2 Remarks on possible future work 
With MBE-grown InAs/InAsSb T2SLs successfully demonstrated, and superior 
material quality with extreme low defect density being achieved, it becomes critical to 
better understand the material properties and to correlate them to device performance. As 
discussed in this dissertation, most characterization techniques have reached their 
resolution limits when characterizing materials with such high crystalline perfection, and 
are thus unable to reveal quantitative information about any remaining defects. Whereas 
EPD measurements offer some insights on the distribution of pits density across the 
wafer, and the origin of those pits is likely to be associated with defects as supported by 
the variant lattice-mismatch data provided by XRD measurements, more direct 
characterization results, such as cross-sectional TEM images of material from wafer 
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edges, are still needed to establish any direct link between the dislocations and the etch 
pits revealed by selected etchants. 
Off-axis electron holography has shown its usefulness in identifying band 
alignments between barrier and absorber layers, which is essential for understanding the 
device performance of InAs/InAsSb T2SL based nBn photodetectors. Nevertheless, for 
ease of operation, the results reported in this dissertation were obtained at room 
temperature, whereas infrared photodetectors are normally operated at much lower 
temperature (77 K). Electron holography studies should be conducted at 77 K in order to 
investigate the band alignments at the device operating temperature, as well as to 
rigorously explore the origin of the unexpected high dark current measured in the nBn 
devices consisting of MWIR InAs/InAsSb SLs. 
More samples need to be processed for C-V measurements, especially MOS 
structures based on LWIR InAs/InAsSb SLs, in order to prove that the abnormal carrier 
density change is due to the presence of a hole barrier rather than some intrinsic material 
properties. C-V measurements conducted as different frequencies can also be anticipated 
to help understand the carrier distribution at various temperatures. 
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